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Chapter  1
Genera l  in t roduct ion
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P l a n t  m o v e m e n t
Plants can change the orientation of their organs in response to
environmental conditions.These nastic changes in organ position are caused
by differential growth (Kang, 1979; Palmer, 1985), and can be divided into
epinastic (downward) and hyponastic (upward) curvatures. Epinastic growth is
caused by a higher growth rate on the adaxial (upper) side of the organ,
whereas hyponastic movement results from greater elongation on the abaxial
(lower) side (Kang, 1979). In general, differential growth responses function
to move the plant organ in the direction of beneficial environmental conditions
(for example a source of light, water, or nutrients), or away from detrimental
effects, like shading or flooding.
Hyponastic growth in response to flooded conditions has been reported
for the leaves of the (semi-) aquatic species Rumex palus t r i s (Voesenek &
Blom, 1989a), Ranunculus repens and Caltha palus t r i s (Ridge, 1987); and
also for the non-aquatic species Leontodon taraxacoides (Grimoldi et al., 1999)
and Paspalum di la tatum (Insausti et al., 2001). This upward leaf movement
functions to bring (part of) the leaf above the water surface and restore contact
with the atmosphere (reviewed in Voesenek et al., 2003). In a number of other
species (Nicot iana tabacum : Kramer & Jackson, 1954; Helianthus annuus :
Kawase, 1974; Lycopersicon esculentum: Jackson & Campbell, 1975a) flooding,
and in particular waterlogging, leads to epinastic growth curvatures. This
epinastic growth is thought to ameliorate the dehydrating effect of a drop in
hydraulic conductance of flooded roots (Jackson, 2002).
T h e  s u b m e r g e n c e - t o l e r a n t  s p e c i e s  R u m e x  p a l u s t r i s
One of the main stresses imposed by submergence is impeded gas
exchange between the plant and the atmosphere, due to the slower diffusion
of gases in water compared to air (Jackson & Ram, 2003). This slower gas
exchange can lead among others to a deficiency of oxygen and an
accumulation of ethylene (reviewed in Voesenek & Blom 1999).The Rumex
genus consists of a number of species that show a remarkable gradient in their
spatial distribution and flooding tolerance. On one extreme of the gradient,
submergence-tolerant species like Rumex palus t r i s and R. mar i t imus are
found in regions of the floodplain that are regularly exposed to complete
submergence. On the other side of the spectrum, relatively intolerant species
like R. acetosa and R. thyrsi f lorus grow in elevated areas that are very rarely
flooded (Blom et al., 1990). Over the last decade, the mechanisms that are
involved in the tolerance to submergence of R. palustr is have been extensively
studied (reviewed in Peeters et al., 2002;Voesenek et al., 2003).Well-described
adaptations to submergence of this species include the formation of
aerenchymatous adventitious roots (Laan et al., 1989;Visser et al., 1996), a
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switch to anaerobic metabolism (Nabben, 2001), and stimulated non-
differential petiole elongation (Voesenek et al., 1993). A submergence-induced
growth response of R. palust r i s that has been studied less intensively is the
hyponastic movement of submerged petioles.This response increases the angle
between the petiole and the horizontal, thereby bringing the leaf blade closer
to the water surface (Voesenek & Blom, 1989a; Banga et al., 1997). Chapter 2
of this thesis describes the kinetics of hyponastic growth and petiole elongation
of R. palustr is under water in detail.
T h e  r o l e  o f  p l a n t  h o r m o n e s  i n  d i f f e r e n t i a l  g r o w t h  p r o c e s s e s  
Auxin plays an important role in differential growth. As early as 1937
Went & Thimann hypothesized that a lateral translocation of a growth
substance takes place in a plant organ in response to environmental cues (for
example gravity and light), and that the resulting differential distribution of
this growth-stimulating substance is the basis for differential cell elongation
leading to nastic or tropic responses.This growth substance was identified as
indole-3-acetic acid (IAA), and more recent molecular and genetic studies
have largely supported this hypothesis (reviewed in Friml & Palme, 2002). For
example, gravistimulation and irradiation with blue light induced a lateral
auxin gradient across the coleoptile tip of maize (Philippar et al., 1999; Fuchs
et al., 2003), with more auxin accumulating on the lower/irradiated side,
leading to faster cell elongation in this region.
Other plant hormones have also been implicated in the regulation of
differential growth processes. For example, ethylene plays a role in petiole
epinasty (reviewed in Kang, 1979), shoot gravitropism (Kaufman et al., 1995),
the seedling apical hook (Ecker, 1995) and shading-induced hyponasty (Pierik
et al., 2003;Vandenbussche et al., 2003). Additionally, there are some reports
that abscisic acid (ABA) and gibberellins (GAs) have an opposite influence on
leaf orientation, with ABA inducing epinasty and GA application resulting in
hyponasty (Palmer, 1964; Blake et al., 1980; Dwyer et al., 1995; Clúa et al.,
1996). In tobacco, shading-induced hyponastic petiole movement is regulated
via a modulation of the sensitivity to GA by ethylene (Pierik, 2003). In Chapter
3 of this thesis, we investigate the role of the plant hormones ethylene, auxin,
abscisic acid and gibberellin in the hyponastic response of submerged R.
palustr is plants.
H o r m o n a l  r e g u l a t i o n  o f  p e t i o l e  e l o n g a t i o n  i n  s u b m e r g e d  R .
p a l u s t r i s p l a n t s
Submergence-induced petiole elongation in R. palust r i s is a non-
differential growth process, with equal cell elongation along the petiole
(Voesenek et al., 1990).The gaseous plant hormone ethylene is produced at a
G e n e r a l  i n t r o d u c t i o n • 9
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constitutively low level in air-grown R. palustr is, and accumulates in the plant
during submergence (Voesenek & Blom, 1989b). This accumulation results
from the slower diffusion of gasses in water compared to air (reviewed in
Jackson & Ram, 2003).The increased concentration of ethylene in the plant
tissue that results from this accumulation is a crucial part of the signal
transduction pathway leading to petiole elongation in R. palustr is (reviewed
in Voesenek et al., 2003). ABA has also been implicated in the regulation of
stimulated petiole elongation under water. Recent findings support the
hypothesis that ethylene stimulates the breakdown of growth-inhibiting ABA
in submerged tissue, thereby promoting elongation (unpublished results
Benschop et al.; reviewed in Peeters et al., 2002;Voesenek et al., 2003). GAs
also regulate submergence-induced petiole extension in R. palustr is. Rijnders
et al. (1997) observed an increase in the amount of, and sensitivity to, GAs in
response to submergence. Recent results confirm the role of GAs in petiole
elongation of R. palust r i s (unpublished results Bou & Benschop et al.,
reviewed in Peeters et al., 2002;Voesenek et al., 2003). In previous studies, no
role for auxin in submergence-induced petiole elongation was found (Rijnders
et al., 1996). However, in this thesis we re-assess these studies and provide
evidence for a role of auxin in elongation of R. palustr is petioles under water
(Chapter 4).
H y p o n a s t i c  g r o w t h  i n  t h e  m o d e l  s p e c i e s  A r a b i d o p s i s
t h a l i a n a
Elevated ethylene levels, a low light treatment, or submergence can
induce rapid hyponastic petiole movement in Arabidopsis thaliana (Chapter
5, this thesis). We use A. thal iana as a model species to study the role of
ethylene and auxin in hyponastic growth in more detail, since in this species
a great number of mutants are available in components involved in production,
transport and signal transduction of these plant hormones. Comparison of the
hyponastic response between these mutants and wild-type plants allows a
detailed study of the hormonal regulation of this differential growth process
(Chapter 6). This is not possible in R. palust r i s since no hormone mutants
are available for this species yet.
A large part of the knowledge concerning signal transduction pathways
for ethylene and auxin has been established by means of mutant analysis in A.
thal iana . Below, the main findings from existing literature on the regulation
of auxin and ethylene signaling in A. thaliana are summarized.
E t h y l e n e :  p r o d u c t i o n ,  p e r c e p t i o n  a n d  s i g n a l  t r a n s d u c t i o n   
The gaseous plant hormone ethylene is produced from methionine via
the intermediates S-adenosylmethionine (SAM) and 1-aminocyclopropane-1-
1 0 • C h a p t e r  1
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carboxylic acid (ACC;Yang & Hoffman, 1984). The enzymes catalysing the
conversion of SAM to ACC and of ACC to ethylene are ACC synthase and
ACC oxidase, respectively (Kende, 1993). Etiolated seedlings of the e to1
(e thylene over producer1 ) mutant display a constitutive ethylene response
(inhibited root and hypocotyl elongation, exaggerated curvature of the apical
hook, and swelling of the hypocotyls; i.e. the so-called triple response; Guzmán
& Ecker, 1990), and produce more ethylene compared to the wild type
seedlings. It was hypothesized that ETO1 plays a role in the regulation of ACC
synthase gene expression (Guzman & Ecker, 1990,Woeste et al., 1999).
Ethylene is perceived by a family of at least five integral membrane
receptors: ETHYLENE RECEPTOR1 (ETR1), ETR2, ETHYLENE
INSENSITIVE4 (EIN4), ETHYLENE RESPONSE SENSOR1 (ERS1) and
ERS2. Figure 1 shows that when ethylene is not bound to the receptors, they
activate the downstream component CONSTITUTIVE TRIPLE
RESPONSE1 (CTR1; Kieber et al., 1993).This negative regulator of ethylene
signaling has been proposed to act via a mitogen-activated protein kinase
(MAPK) pathway (Ouaked et al., 2003). Ethylene binding deactivates the
receptors, and in the absence of a positive receptor signal, CTR1 becomes
inactive (reviewed in Wang et al., 2002). This results in transduction of the
ethylene signal to the positive downstream signal transduction components
EIN2, EIN3, EIN5 and EIN6. Dominant gain-of-function mutations in the
G e n e r a l  i n t r o d u c t i o n • 1 1
F igure  1 . Model of the ethylene signal transduction pathway, derived from Wang et al. (2002) and
Ouaked et al. (2003). Arrows represent stimulation, and bars inhibition. The crossed-out arrows/bars
represent steps that are abolished by ethylene binding to the receptor. 
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ethylene receptors result in ethylene insensitivity since the stimulation of
CTR1 by the mutated receptors cannot be switched off by ethylene (reviewed
in Stepanova & Ecker, 2000). Null mutations in the CTR1 gene result in
constitutive activation of the ethylene signal transduction pathway (Kieber et
al., 1993).The EIN2 gene encodes a metal-ion transporter-related integral-
membrane protein.The ein2 loss of function mutants are completely insensitive
to ethylene (Alonzo et al., 1999).The transcription factor EIN3 and the EIN3-
like proteins (EILs) belong to the same gene family and are nuclear proteins
that bind to specific sequences in the promoters of ethylene-responsive genes
such as ETHYLENE RESPONSE FACTOR1 (ERF1; Solano et al., 1998).
The fact that there is functional redundancy between EIN3 and the EILs
explains why ein3 mutants are only partially insensitive to ethylene (Chao et
al., 1997).The function of EIN5 and EIN6 is currently under investigation.
HOOKLESS1 (HLS1 ) is an ethylene-responsive gene that has been
implicated in differential cell elongation and the regulation of auxin activity
(Lehman et al., 1996). Hls1 mutants do not show differential growth in the
apical hook (Guzman & Ecker, 1990).
A u x i n :  t r a n s p o r t ,  p e r c e p t i o n  a n d  s i g n a l  t r a n s d u c t i o n  
Synthesis of the natural auxin indole-3-acetic acid (IAA) is high in the
shoot apex and young developing leaves, but lower rates of IAA synthesis can
occur in all parts of the plant (Ljung et al., 2001).There are two mechanisms
by which IAA is transported through the plant: directional polar transport,
and relatively fast, non-directional phloem transport (Friml & Palme, 2002;
Baker, 2000). Polar auxin transport (PAT) is facilitated by specialized carrier
proteins. In the shoot, PAT runs basipetally from the apex towards the base,
and this transport is facilitated by auxin influx carriers (encoded by AUXIN
RESISTANT1 ; AUX-1 ) and auxin efflux carriers (encoded by the PIN-
FORMED gene family, PIN ). The polarity of PAT is ensured by the
localization of the efflux carriers at the basal end of the cells in the shoot
(reviewed in Friml & Palme, 2002). Recently, AUX1 related sequences were
identified (LIKE AUX1; LAX), which might also play a role in auxin uptake
(Parry et al., 2001a). Rapid cycling of the PIN1 protein between the plasma
membrane (where it exerts its carrier function) and endosomal compartments
is an essential step in PAT, and can be interfered with by inhibitors of vesicle
trafficking, like the auxin transport inhibitors (Geldner et al., 2001). This
cycling of auxin transport components could provide flexibility for rapid
changes in the polarity of auxin transport, like those proposed in differential
growth processes.A number of mutants have been identified that regulate PAT.
The r cn1 (roots  cur l  in NPA1 ) mutant alters the level of phosphorylation,
and thus the activity, of a component involved in PAT (Garbers et al., 1996),
1 2 • C h a p t e r  1
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and shows increased basipetal auxin transport (Rashotte et al., 2001). The
PINOID (PID ) gene encodes a serine-threonine protein kinase, that acts
either as a positive regulator of auxin transport (Benjamins et al., 2001), or as
a negative regulator of auxin signaling (Christensen et al., 2000). Pid mutants
have reduced PAT in inflorescence stems (Bennett et al., 1995). Tir3 (transpor t
inhibitor response3) mutants also show reduced PAT, and a drop in the binding
activity of an inhibitor of auxin efflux (Ruegger et al., 1997).
A number of putative auxin receptors have been reported, with AUXIN
BINDING PROTEIN1 (ABP1; reviewed in Napier, 1995) being the best
characterized. Complete loss of ABP1 function results in embryo lethality in
an early stage (Chen et al., 2001), indicating that the receptor plays a crucial
role in plant development.
Important primary auxin response genes are represented in the
Aux/IAA gene family, members of which are upregulated within minutes of
auxin application. Aux/IAA proteins can also act as transcriptional regulators
through hetero-dimerization with the AUXIN RESPONSE FACTOR (ARF)
family of transcription factors that can bind to DNA directly and regulate the
expression of auxin responsive genes. The current model is that ARFs are
permanently bound to auxin-responsive-elements (AREs) of auxin-regulated
genes, regardless of the amount of auxin present.When auxin levels are low,
Aux/IAA proteins are stable (see below) and form dimers with the ARFs
bound to AREs, thereby inhibiting ARF function.A rise in auxin level induces
the breakdown of Aux/IAA proteins (see below) and allows homodimerization
of the ARE-occupying ARFs with other ARFs.This leads to activation of the
associated genes (reviewed in Leyser, 2002). Mutational analysis indicated that
the Aux/IAA and ARF gene families are involved in a range of auxin-
mediated processes, including differential growth. For example, a loss-of-
function mutation in the Auxin Response Factor NPH4 (NONPHOTO-
TROPIC HYPOCOTYL4) leads to multiple defects in differential growth of
aerial tissues associated with reduced responsiveness to auxin (Harper et al.,
2000). A member of the Aux/IAA gene family, MSG2 (MASSUGU2 ;
Kumagai & Yamamoto, 2003), is also involved in auxin-dependent growth
curvature responses. Mutants in AXR2 (AUXIN RESISTANT2 ;Wilson et
al., 1990), which is another Aux/IAA gene, are affected in gravitropic growth.
As described above, auxin-induced degradation of Aux/IAA proteins
plays an important role in the auxin signal transduction pathway. Figure 2
shows an overview of the components involved in this process. Aux/IAA
proteins are targeted for proteosome degradation by the conjugation of a
multi-ubiquitin chain. An ubiquitin-protein-ligase complex called SKP1
CDC53 F-boxTIR (SCFTIR), and ubiquitin activating/conjugating enzymes, are
responsible for this ubiquitin modification (Del Pozo & Estelle, 1999). It is
G e n e r a l  i n t r o d u c t i o n • 1 3
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not clear yet exactly how auxin influences this ubiquitination process, but it
is possible that auxin increases the affinity of Aux/IAAs for the SCFTIR
complex, probably via modification of the target proteins by phosphorylation
(reviewed in Leyser et al., 2002; illustrated in Figure 2 by a filled black oval).
Mutations in subunits of the SCFTIR protein complex, or in pathways
regulating its activity, disrupt auxin signalling. The F-box in the ubiquitin
protein complex (encoded by AUXIN TRANSPORT INHIBITOR 1 ;
TIR1 ) interacts with the target protein and thus selects it for degradation.
The complete loss-of-function mutant t i r1-1 has a relatively weak auxin
resistant phenotype, probably due to the existence of several close homologues
of TIR1 that are functionally redundant (Ruegger et al., 1998). The F-box
protein forms the ubiquitination complex together with RBX1 (also known
as HRT1; Seol et al., 1999), the Skp-like protein ASK1, and the cullin CUL1
(Gray et al., 1999). Ask1-1 mutants show a reduced response to auxin and are
slightly more auxin resistant than t ir1-1.The double mutant t ir1-1;ask1-1 is
more defective in auxin response than either of the single mutants (Gray et
al., 1999). AXR6 encodes the SCF subunit CUL1. The axr6 mutant affects
the ability for stable SCFTIR complexes to establish, and reduces the
degradation of SCFTIR substrates, leading to an accumulation of Aux/IAA
proteins (Hellmann et al., 2003).
The activity of the SCFTIR complex is increased by conjugation of an
ubiquitin-like protein called RUB1 to the CUL1 subunit (Figure 2). Proper
1 4 • C h a p t e r  1
F i g u re  2 . Model of the ubiquitination pathway that regulates degradation of target proteins
involved in auxin signal transduction, like Aux/IAAs. (derived from Leyser, 2002). Ub stands for a
multi-ubiquitin chain that is being transferred to the target protein. The dotted arrow is a
hypothesized interaction. 
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functioning of the complex, and a wild-type auxin response, depend on cycles
of RUB1 addition and removal. Addition of RUB1 to CUL1 involves a RUB1
activating enzyme and a RUB1 conjugating enzyme, whereas removal is
mediated by the COP9 complex (reviewed in Leyser, 2002). The RUB1
activating enzyme consists of two subunits: AXR1 (AUXIN RESISTANT1;
Leyser et al., 1993), and ECR1 (Del Pozo & Estelle, 1999). Axr1 loss-of-
function mutants have reduced conjugation of RUB1 to CUL1, and a strong
auxin resistant phenotype (Timpte et al., 1995). Mutants in AXR4 suppress
the activation of MAPK activity in response to auxin application (Mockaitis
& Howell, 2000), and are specifically resistant to auxin (Hobbie & Estelle,
1995). DeLong et al (2002) have hypothesized that AXR4 is genetically linked
to the RUB pathway.
O u t l i n e  t h e s i s
The main aim of the experiments presented in this thesis was to elucidate
the kinetics and the hormonal regulation of hyponastic growth. This
differential growth process was studied in two plant species, R. palustr is and
A. thal iana . Additionally, we studied the interaction between hyponastic
petiole movement and non-differential petiole elongation in R. palustr is, and
the role of auxin in this latter process.
The first part of this thesis deals with petiole movement and elongation
in submerged R. palust r i s plants. Chapter 2 describes the kinetics of
hyponastic growth and demonstrates that they depend on the initial angle of
the petiole at the start of the experiment. Furthermore, we show that
hyponastic growth and stimulated elongation of the same petiole are linked.
Petiole elongation in response to submergence can only take place when a
certain threshold angle of the petiole with respect to the horizontal is reached
by the process of hyponastic growth.The hormonal regulation of hyponastic
petiole movement in R. palustr is is described in Chapter 3. Ethylene, auxin,
gibberellins and abscisic acid are demonstrated to play important roles in this
process, and a model is proposed for the hormonal regulation of hyponastic
growth. Additionally, we show that the basal, abaxial side of the petiole is
responsible for the differential growth leading to hyponastic petiole movement.
Chapter 4 deals with the involvement of ethylene and auxin in non-
differential stimulation of petiole elongation in response to submergence.We
demonstrate that, in contrast to previous findings, auxin is also important in
petiole elongation under water. Additionally, evidence is provided that both
hormones exert their effect independently of the role they play in the
hyponastic growth response.
In the second part of this thesis, A. thal iana is presented as a model
species to further investigate the regulation of hyponastic growth processes by
G e n e r a l  i n t r o d u c t i o n • 1 5
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ethylene and auxin. In Chapter 5 the ethylene-induced hyponastic response
of a number of A. thal iana accessions is described, showing that there is
considerable natural variation for this response. Submergence and low light
can also induce hyponastic growth in this species. The role of ethylene and
auxin in hyponastic growth of A. thal iana is studied in more detail in
Chapter 6 , where a great number of mutants in ethylene and auxin signal
transduction components are examined. We show that both hormones are
involved in all stages of hyponastic growth, and propose a model for the
regulation of hyponastic growth in A. thal iana by ethylene and auxin. In
Chapter 7 a synthesis of the key results is presented.
1 6 • C h a p t e r  1
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Chapter  2
P lant  movement ;  
submergence - induced  pet io le  
e longat ion  in  Rumex  pa lus t r i s
depends  on  hyponast i c  g rowth
M a r j o l e i n  C . H .  C o x ,  F r a n k  F.  M i l l e n a a r,  Yv o n n e  E . M .  d e  J o n g  v a n
B e r k e l ,  A n t o n  J . M .  P e e t e r s ,  L a u r e n t i u s  A . C . J .  Vo e s e n e k
P l a n t  P h y s i o l o g y  ( 2 0 0 3 )  1 3 2 ,  2 8 2 - 2 9 1
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A b s t r a c t
The submergence-tolerant species Rumex palus t r i s (Sm.) responds to complete
submergence by an increase in petiole angle with the horizontal.This hyponastic growth, in
combination with stimulated elongation of the petiole, can bring the leaf tips above the water
surface, thus restoring gas exchange and enabling survival. Using a computerized digital camera
system the kinetics of this hyponastic petiole movement and stimulated petiole elongation were
studied.The hyponastic growth is a relatively rapid process that starts after a lag-phase of 1.5 to
3 h and is completed after 6 to 7 h.The kinetics of hyponastic growth depend on the initial
angle of the petiole at the time of submergence, a factor showing considerable seasonal variation.
For example, lower petiole angles at the time of submergence result in a shorter lag-phase for
hyponastic growth. This dependency of the hyponastic growth kinetics can be mimicked by
experimentally manipulating the petiole angle at the time of submergence. Stimulated petiole
elongation in response to complete submergence also shows kinetics that are dependent on the
petiole angle at the time of submergence, with lower initial petiole angles resulting in a longer
lag-phase for petiole elongation. Angle manipulation experiments show that stimulated petiole
elongation can only start when the petiole has reached an angle of 40 to 50 degrees.The petiole
can reach this “critical angle” for stimulated petiole elongation by the process of hyponastic
growth.This research shows a functional dependency of one response to submergence in R.
palust r i s (stimulated petiole elongation) on another response (hyponastic petiole growth),
because petiole elongation can only contribute to the leaf reaching the water surface when the
petiole has a more or less upright position.
I n t r o d u c t i o n
The semi-aquatic species Rumex palus t r i s (Sm.) occurs in flooding-
prone parts of river floodplains. It occupies a position on the submergence-
tolerant side of a gradient of Rumex species, ranging from tolerant species
such as R. palustr is and R. mar it imus in low, frequently flooded regions, to
relatively intolerant species such as R. acetosa and R. thyrsi f lorus on higher,
rarely flooded sites (Blom et al., 1990). In accordance with its location, the
submergence-tolerant R. palustr is possesses a range of adaptations to flooding
(reviewed in Peeters et al., 2002); including stimulated petiole elongation
(Voesenek & Blom, 1989a; Voesenek et al., 1993), the formation of
aerenchymatous adventitious roots (Visser et al., 1996) and a switch to
anaerobic metabolism (Nabben, 2001).
One of the first phenotypic modifications that occurs in completely
submerged R. palust r i s plants is an increase in the angle of the younger
petioles with the horizontal.This hyponastic growth changes the orientation
of these petioles from prostrate to almost vertical, thus decreasing the distance
between the leaf blade and the water surface (Voesenek & Blom, 1989a; Banga
et al., 1997). During complete submergence of R. palust r i s , hyponastic
growth, in combination with stimulated petiole elongation, can bring (part
of) the leaf blade above the water surface, given that the water table is not too
high (Voesenek & Blom, 1989a). This combination of two submergence-
1 8 • C h a p t e r  2
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induced responses restores gas exchange between the atmosphere and the leaf,
thus contributing to increased survival upon submergence (Voesenek et al.,
1992;Voesenek et al., 2003).
Previous research has shown that an increased concentration of the
gaseous plant hormone ethylene, which results from ethylene accumulation in
the submerged shoots, induces petiole elongation and hyponastic growth in
submerged R. palustr is plants (Voesenek et al., 1989a; Cox et al., 2003).The
involvement of other hormones in these two growth processes is described in
Chapter 3 and 4.
Nastic responses are common in the plant kingdom and can be defined
as rapidly developing organ curvatures or changes in organ orientation induced
by developmental processes or (a)biotic environmental factors (Palmer, 1985).
Epinastic (downward) and hyponastic (upward) curvatures are caused by
differential growth, with more rapid growth on the adaxial and the abaxial
side of the organ, respectively (Kang, 1979). Flooding-induced hyponastic
growth (Ranunculus repens and Caltha palus t r i s : Ridge, 1987; Leontodon
taraxacoides: Grimoldi et al., 1999; Paspalum dilatatum: Insausti et al., 2001)
and epinastic growth (Nicotiana tabacum: Kramer & Jackson, 1954; Helianthus
annuus : Kawase, 1974; Lycopersicon esculentum : Jackson & Campbell, 1975a)
have been described for a number of plant species. Hyponastic leaf movement
has also been observed in reaction to a number of other environmental factors,
for example shading (Clúa et al., 1996; Gautier et al., 1997; Ballaré, 1999).
The kinetics of submergence-induced hyponastic growth and petiole
elongation in R. palustr is have not been described in much detail (see Banga
et al., 1997).The present work examines the kinetics of these two processes,
and the possibility that there is an interaction between hyponastic growth and
petiole elongation. We hypothesize that hyponastic growth is a prerequisite
for the onset of stimulated petiole elongation in submerged R. palustr is plants.
Because R. palust r i s is a rosette plant, its leaves have a rather horizontal
orientation. If elongation in response to submergence were to occur in these
prostrate petioles it would not serve to bring the leaf tip above the water
surface. Stimulated petiole elongation would only be useful when the leaves
have reached a more upright orientation by the process of hyponastic growth.
Our objectives for the present study were to determine: (a) the kinetics of
hyponastic growth and stimulated petiole elongation, (b) if hyponastic growth
is necessary for the onset of stimulated petiole elongation, and (c) the petiole
angle at which stimulated petiole elongation takes place.
To measure hyponastic growth and stimulated elongation of an individual
petiole of a R. palust r i s plant, a computerized digital camera system was
designed.This system provides time lapse images, which allow monitoring of
growth responses of individual plants in time, in a non-invasive manner, with
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high accuracy and time resolution. Using this camera system, we showed that
the kinetics of both hyponastic growth and petiole elongation were dependent
on the petiole angle at the start of submergence. Furthermore, a functional
interaction between hyponastic growth and stimulated petiole elongation in
submerged R. palustr is petioles is discussed.
M a t e r i a l s  a n d  m e t h o d s
P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s
Seeds of Rumex palustr is (Sm.) were germinated on black polyethylene
beads (Elf Atochem, France) floating on tap water in a transparent container
for 10 d (12 h light, 25 °C, 70 µmol m-2 s-1 photon flux density, and 12 h
dark, 10 °C). Germinated seedlings were transplanted singly to plastic pots (70
ml) containing a mixture of potting soil and sand (2:1, v:v), enriched with
0.14 mg MgOCaO (17 %;Vitasol BV, Stolwijk,The Netherlands) per pot. Prior
to seedling transfer each pot was saturated with 20 ml nutrient solution
containing: 7.50 mM (NH4)2SO4; 15.00 mM KH2PO4; 15.00 mM KNO3;
86.35 µM Fe-EDTA; 4.27 µM MnSO4; 1.81 µM ZnSO4; 0.32 µM CuSO4;
42.67 µM H3BO3; 0.53 µM Na2MoO4. All chemicals were p.a. grade, obtained
from Merck (Darmstadt, Germany). Plants were grown for 17 d in a growth
chamber (20 °C; 70 % Relative Humidity, 16 h light: 200 µmol m-2 s-1 photon
flux density). Pots with seedlings were kept in a glass-covered tray for 2 d
following transplantation, after which they were transferred to irrigation mats
(Maasmond-Westland, The Netherlands) in the same growth chamber. The
mats were automatically watered with tap water to saturation twice a day and
the excess water was drained.
In all experiments, the third petiole of plants that were 27 d of age (from
sowing) was studied. It has been shown that at this developmental stage the
third petiole exhibits clear elongation and hyponastic growth (Banga et al.,
1997). Replicate plants were selected on homogeneity of developmental stage
and length of the third petiole.
C o m p u t e r i z e d  d i g i t a l  c a m e r a  s y s t e m  
To measure length and angle of the third petiole of intact R. palustr i s
plants during treatment, a computerized digital camera system (developed in
house) was built into a growth cabinet. Growth conditions were the same as
in the growth chamber where the plants were initially raised. The system
consisted of a digital camera (Fujix, DS-330), which could be moved along a
guide in front of a row of glass cuvettes containing plants, a IF-D3 interface
2 0 • C h a p t e r  2
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kit and a EU-D3/DsA extension unit (FujiPhoto Film Co.,Tokyo, Japan). A
personal computer equipped with software developed in the Labview version
5.1 software package (National Instruments, Woerden, The Netherlands)
controlled movement of the camera along the axis (400,000 steps over 1.4 m),
the interval at which photographs were taken at a certain position and the
camera settings. In all experiments, individual plants were photographed every
10 min during 16 h of treatment (in continuous light to enable the camera to
take photographs).
S u b m e r g e n c e  t r e a t m e n t
The day before the experiment, plants were placed in the camera system
to acclimatize. Plants were placed singly in open glass cuvettes (18.5  24.5 
25.5 cm) in the camera system with the third petiole perpendicular to the axis
of the camera.To facilitate measurement, the top layer of soil and part of the
front of the pot were removed so that the petiole base was visible. The
cotyledons were also removed if they were obscuring the petiole base.
Additionally, the third petiole was marked along its length with drawing ink
with four evenly spaced marks. A calibration object with known dimensions
was placed in the soil in the same plane as the third petiole.These preparations
did not influence the response of the third petiole to submergence (data not
shown). All experiments started between 08.00 and 10.00 h when the plants
were 27 d of age. To achieve submergence tap water (20 ºC) was gently
pumped into the cuvette until a water depth of 20 cm (from the soil surface)
was reached. Control plants rested on a moist irrigation mat in the cuvette,
and were not submerged.
A n g l e  m a n i p u l a t i o n
Experiments in which the angle of the third petiole was manipulated
took place in open glass cuvettes (15.0  17.5  29.0 cm) fitted with a metal
ring holding each pot.This ring could be tilted to achieve any given angle of
the petiole with respect to the horizontal at the start of the experiment.
Following this manipulation, the petiole was able to move freely.
To fix the third petiole in its initial position a mesh cap (mesh width
0.6  0.6 cm) was placed over the petiole and leaf blade one day before the
experiment started.The cap restricted upward movement of the third leaf in
response to submergence without restricting petiole elongation.The petiole
was fixed in its initial position during the first 6 h of the treatment. After that
the cap was carefully removed and the petiole was allowed to move freely.
Preparation and submergence of the plants took place as described above.
P l a n t  m o v e m e n t • 2 1
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I m a g e  a n a l y s i s
Angle and length of the third petiole were measured on the photographs
(1280  1000 pixels) using a PC-based image analysis system with a macro
developed in house in the KS400 (Version 3.0) software package (Carl Zeiss
Vision, Germany). Petiole angle was determined as the angle between the
horizontal and the adaxial surface of the petiole between the apical mark and
the second basal mark. Total petiole length was measured as the distance
between the basal mark and the apical mark following the adaxial surface. For
all time points, the increase in petiole length compared to the start of the
treatment (t=0) was calculated. A series of photographs from one plant was
geometrically calibrated using the calibration object in five random
photographs.
D a t a  f i t t i n g
To describe the kinetics of hyponastic growth or petiole elongation (Y),
the measured data of individual plants were fitted using a logistic function:
Y = [(A1 - A2) / (1 + (time / X0)p) ] + A2 [1]
Where: A1 = begin value
A2 = end value
X0 = point of inflection
p = factor determining shape and steepness of the curve
Fitting was performed by minimizing the sum of squares of the
difference between the measured and the predicted data using the solver
function (standard settings) in Excel 2000 (Microsoft, Redmond, USA). Figure
1A shows an example of the fit on the measured petiole angles of one
representative plant.The parameters A1,A2 and X0, which describe the logistic
function, are shown.The factor p determines the shape and steepness of the
curve. Changing p alone results in variation in the range of values of “time”
(from equation [1]) over which the major change in response is found (Weyers
et al., 1987).The petiole elongation data were fitted in a similar fashion.
The X0 value obtained from this fit was used to divide the measured
data into two subsets. Firstly, the subset of data below X0 was used to
determine the lag-phase of the start of hyponastic growth, or that of stimulated
petiole elongation. Secondly, the subset of data above X0 was used to
determine the time at which hyponastic growth was completed. Determination
of the lag-phase (Xlag) took place by fitting two linear lines (Y1 and Y2)
through a subset of measured data in such a way that the point of discontinuity
is equal to the interception of the two lines:
2 2 • C h a p t e r  2
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Y1 = a + b  x If x < Xlag [2]
Y2 = (a + b  Xlag) + d  (x - Xlag) If x > Xlag [3]
A value for Xlag was obtained by minimizing the sum of squares of the
difference between the measured and the predicted data, using the solver
function (standard settings) in Excel 2000 (Microsoft, Redmond, USA). Figure
1B shows a representative example of the determination of the hyponastic
growth lag-phase using the fitted point of interception for the two lines (Y1
P l a n t  m o v e m e n t • 2 3
F igure  1 . Representative example of (A) the logistic fit (solid line) used to describe the measured
petiole angle data (round symbols), and the parameters describing the logistic function (A1 = begin
value, A2 = end value, X0 = point of inflection); (B) determination of the lag-phase (Xlag) of
hyponastic growth using two linear lines (Y1 and Y2) fitted through the subset of measured data
below X0, in such a way that the point of discontinuity is equal to the interception of the two lines.
Y1 = a + b  x (If x < Xlag), Y2 = (a + b  Xlag) + d  (x - Xlag) (If x > Xlag). 
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and Y2).The lag-phase for stimulated petiole elongation was determined in
the same way.The end of the hyponastic growth was determined in a similar
fashion on the measured angle data above X0.
S t a t i s t i c a l  a n a l y s i s  
Table 1 presents the parameters describing the kinetics of hyponastic
growth and petiole elongation for an initial petiole angle of 30-50 degrees
and for an initial petiole angle of 51-70 degrees.The data were divided into
these two groups based on the fact that the threshold petiole angle for the
onset of petiole elongation was shown to be approximately 50 degrees (Figure
5). To compare the means of the parameters, an independent samples t-test
was performed using the program SPSS version 10 (SPSS Inc., Chicago, USA).
R e s u l t s
T h e  k i n e t i c s  o f  h y p o n a s t i c  g r o w t h  d e p e n d  o n  t h e  i n i t i a l
p e t i o l e  a n g l e  a t  t h e  t i m e  o f  s u b m e r g e n c e
Figure 2 shows a typical example of the hyponastic growth of a
submerged R. palustr is plant. After 6 h of submergence the leaves showed a
more upright position compared to the start of submergence.
Throughout the course of one year a number of replicate experiments
was carried out to determine the kinetics of hyponastic growth of submerged
R. palustr i s plants (Fig. 3). Submergence caused a strong increase in petiole
angle compared to a slight decrease in petiole angle of plants exposed to air.
A maximal angle of 70 to 80 degrees was reached after approximately 6 h.
2 4 • C h a p t e r  2
F igure  2 . Typical example of the hyponastic growth of a R. palustris plant (27 d old) that has been
submerged for 6 h (B), compared to the same plant at the start of submergence (A). 
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Furthermore, Figure 3 shows that the petiole angle at the start of the
submergence treatment varied considerably between experiments, with higher
initial angles in northern hemisphere spring and summer, and lower initial
angles in autumn and winter. Interestingly, the kinetics of hyponastic growth
varied with these differences in the angle of the petiole at the start of
submergence (Fig. 3).
The dependency of the hyponastic growth kinetics on the initial petiole
angle at the time of submergence was further explored by manipulating petiole
angles prior to submergence.This manipulation also resulted in a dependency
of the hyponastic growth kinetics on the orientation of the petiole at the start
of submergence (Fig. 4A). A logistic function, giving a number of parameters
describing the hyponastic growth kinetics, was fitted for the individual plants
from Figure 3 and Figure 4A. Mean values for these parameters are shown in
Table I (the results of this fit for Fig. 3 and Fig. 4A were pooled, since they
were statistically similar).An initial petiole angle lower than 50 degrees resulted
in a shorter lag-phase for hyponastic growth than an initial petiole angle higher
than 50 degrees (P<0.05,Table I).This positive dependency of the lag-phase
of hyponastic growth on the initial petiole angle is also shown in Figure 5A
(P<0.001). Plants with an initial angle of 30 degrees had a lag-phase of
approximately 1.5 h, whereas this lag-phase was almost doubled in plants with
an initial angle of 70 degrees (Fig. 5A). Hyponastic growth was finished after
P l a n t  m o v e m e n t • 2 5
F i g u re  3 . Hyponastic growth kinetics of submerged R. palustris plants (27 d old), that displayed
natural variation in initial petiole angle at the time of submergence. Plots represent the angle of the
third petiole (4 replicate plants) during 16 h of complete submergence, for several batches of plants
grown during the course of one year. Dates of the individual experiments are listed in the graph
(day/month/year). A typical control plot (8 replicate plants in air) is shown. Mean standard error
never exceeded 6 %. 
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6 h, independent of the initial petiole angle (Table I). However, plants with
an initial petiole angle lower than 50 degrees reached a slightly lower final
angle compared to plants with an initial petiole angle higher than 50 degrees
(P<0.01, Table I). Curves for plants with a lower initial angle reached their
point of inflection (X0) earlier than plants with a higher initial angle (P<0.05),
whereas the factor determining the steepness of the curve (p) did not depend
on the initial angle of the petiole (Table I).
2 6 • C h a p t e r  2
F igure  4 . Kinetics of hyponastic growth (A) and petiole length increase (B) of the third petiole of
submerged R. palustris plants (27 d old) manipulated to achieve initial petiole angles of 30, 40, 50,
60 or 70 degrees at the time of submergence, or non-manipulated plants. Plots are means of 3 replicate
plants (“no manipulation”: 9 replicate plants). Typical control plots (8 replicates) for non-manipulated
plants are shown. Mean standard error never exceeded 3 % for the angle data and 27 % for the length
data.
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T h e  k i n e t i c s  o f  s u b m e r g e n c e - i n d u c e d  p e t i o l e  e l o n g a t i o n
d e p e n d  o n  t h e  i n i t i a l  p e t i o l e  a n g l e  a t  t h e  t i m e  o f
s u b m e r g e n c e
Submergence-induced elongation of petioles with manipulated initial
angles is shown in Figure 4B. The kinetics of stimulated petiole elongation
also depended on the initial petiole angle. The parameters describing the
elongation response are presented in Table I (means of individual plants from
Fig. 3; elongation data not shown, and Fig. 4B).The lag-phase of elongation
for petioles with an initial angle lower than 50 degrees was longer (P<0.01)
than for initial angles higher than 50 degrees (Table I). Figure 5B shows this
negative correlation (P<0.001) between the lag-phase of petiole elongation
and the initial petiole angle. Low initial angles resulted in almost a three-fold
longer lag-phase of petiole elongation than high initial angles (Fig. 5B).The
fitted value for the maximum length increase was 3 mm, independent of the
initial angle (Table I). Curves for lower initial angles had their point of
inflection (X0) earlier (P<0.01), and had a higher value for the factor
determining the steepness of the slope (P<0.01) compared to curves for higher
initial angles (Table I).
A  p e t i o l e  a n g l e  o f  4 0  t o  5 0  d e g r e e s  i s  r e q u i r e d  f o r  t h e
o n s e t  o f  s t i m u l a t e d  p e t i o l e  e l o n g a t i o n  
The petiole angle at which stimulated elongation of the same petiole
starts, was calculated using Formula [1] (Materials & Methods). For each
individual plant from Figure 3 and Figure 4 “time” in the fit obtained for the
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Table  I . Kinetics of hyponastic growth and petiole elongation of submerged R. palustris plants.
Means (standard errors between brackets) of parameters describing the kinetics of hyponastic growth
and petiole elongation, obtained by fitting the individual replicates of the data presented in Figure
3 and 4 using a logistic function. X0 represents the point of inflection, p is a factor determining the
shape and steepness of the curve. Means with different letters are significantly different (P<0.05).
Number of replicate plants: 42-46 for initial petiole angle lower than 50 degrees, and 8-16 for initial
petiole angle higher than 50 degrees.
Parameter Init ial  petiole angle Initial  petiole angle
30-50 degrees 51-70 degrees
Lag-phase hyponastic growth (h) 1.81 (0.08)a 2.44 (0.21)b
End hyponastic growth (h) 5.86 (0.22)a 6.25 (0.23)a
X0 angle (h) 3.48 (0.11)a 4.06 (0.22)b
p angle 4.34 (0.14)a 5.25 (0.48)a
Final angle (degrees) 78.60 (0.58)a 80.84 (0.48)b
Lag-phase petiole elongation (h) 2.12 (0.10)a 1.24 (0.09)b
X0 length (h) 7.19 (0.24)a 9.59 (0.53)b
p length 2.59 (0.13)a 1.85 (0.19)b
Maximum length increase (mm) 3.05 (0.14)a 3.01 (0.35)a
 hfdst•02  01-03-2004  12:40  Pagina 27
hyponastic growth was substituted with the length of the lag-phase of petiole
elongation. Figure 6 shows this calculated angle at which stimulated elongation
starts, plotted against the initial angle. Points on the line of unity represent
plants where elongation of the petiole took place without a change in petiole
angle. Data points above the unity line indicate plants in which an upward
movement of the petiole (hyponastic growth) was required for the onset of
stimulated petiole elongation. Figure 6 shows that in plants with an initial
petiole angle lower than 40 to 50 degrees, hyponasty was necessary for petiole
elongation to start. Plants with an initial petiole angle higher than 40 to 50
degrees did not need upward leaf movement for the onset of petiole
elongation.
2 8 • C h a p t e r  2
F i g u re  5 . Regression plots for the lag-phase of (A) hyponastic growth (P<0.001); and (B) petiole
elongation (P<0.001), against the initial angle of the petiole. Lag-phases were determined for all
individual replicates of the data presented in Figure 3 and 4. R2 values were 0.229 for (A) and 0.439
for (B). 
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Figure 7A shows the effect of fixing the petiole in its initial position
(30 degrees) at the onset of submergence. During 6 h of fixation the elongation
of fixed submerged petioles was slower compared to the stimulated petiole
elongation observed in submerged plants of which the petiole is not fixed
(Fig. 4B). After release of the fixation stimulated petiole elongation started
within 0.6 h (SE 0.3 h), which corresponded to the time needed for the petiole
angle to increase from 30 to 60 degrees (Fig. 7A). Manipulation of the petiole
angle to 80 degrees at the onset of submergence (Fig. 7B) resulted in a
stimulation of petiole elongation with a lag-phase of 1.9 h (SE 0.2 h). The
petiole angle of submerged plants remained at 80 degrees after the
manipulation, whereas that of control plants gradually decreased (Fig. 7B).
Additionally, downward movement of the leaf blade of control plants was
observed (data not shown). In this experiment, petioles of control plants
increased more in length during the first hours than control plants of which
the petiole angle was not manipulated (Fig. 4B).This faster elongation of the
control plants was probably caused by differential growth resulting in the
downward movement of the leaf blade, with the adaxial surface (which is the
surface along which the length measurement was taken) elongating faster than
the abaxial surface.
The stimulated elongation of submerged petioles with a manipulated
start angle of 80 degrees (Fig. 7B) could be decreased by reorienting the petiole
back to an angle lower than 40-50 degrees. Additionally, petiole elongation
P l a n t  m o v e m e n t • 2 9
F i g u re  6 . Angle of the third petiole of submerged R. palustris plants at which elongation of this
petiole starts, plotted against the initial petiole angle at the time of submergence. Each data point
represents an individual replicate of the measured data shown in Figure 3 and 4, calculated using
Formula [1] in the Materials and Methods section.
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increased again when the petiole was restored to the original angle of 80
degrees after this downward reorientation (data not shown).
D i s c u s s i o n
The kinetics of hyponastic leaf movement and stimulated petiole
elongation of individual submerged R. palust r i s plants could be monitored
accurately using the computerized digital camera system presented in this
3 0 • C h a p t e r  2
F i g u re  7 . Kinetics of hyponastic growth and petiole length increase of the third petiole of R.
palustris plants (27 d old), which was (A) fixed at the initial position (30 degrees) for 6 h, after which
the fixation was released (dashed line); and (B) manipulated to 80 degrees at the start of the
experiment. Plots are means of 6-8 replicate plants. Lag-phases for the start of petiole elongation
were 6.6 h (SE 0.3 h) for (A), and 1.9 h (SE 0.2 h) for (B). Mean standard error never exceeded 10 %
for the angle data and 58 % for the length data. 
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paper. Due to the small time interval (10 min) at which photographs were
taken it was possible to follow these two growth processes carefully in time.
This provided detailed information about the kinetics of the two processes
and their interaction.
H y p o n a s t i c  g r o w t h
R. palustr is responds to complete submergence by changing the angle
of its petioles to a more upright position (Fig. 3, 4A).This hyponastic growth
is relatively fast, with a lag-phase of 1.5 to 3 h (depending on the initial petiole
angle; Fig. 5A).This lag-phase of several hours before the onset of hyponastic
growth indicates that the angle change does not result from buoyancy.
Immediately upon submergence the leaves did show an increase in angle of
approximately 10 degrees as a result of buoyancy. This effect is not shown.
After 6 h of submergence the petiole has reached its final angle of 70 to 80
degrees (Table I).This angle change decreases the distance to the water surface
and puts the petiole in a position in which stimulated petiole elongation can
emerge the leaf tip and restore gas exchange (Voesenek & Blom, 1989a; Banga
et al., 1997).
Partial submergence induced an increase in leaf angle within 24 h in
Leontodon taraxacoides (Grimoldi et al., 1999) and this response was the main
factor causing the leaves to reach the water surface. However, in contrast to
R. palustr is , L. taraxacoides did not survive complete submergence, nor did
it show increased petiole elongation during either complete or partial
submergence. Hyponastic growth in response to flooding has also been
observed for Paspalum dilatatum (Insausti et al., 2001). In this grass species a
more upright orientation of tillers was associated with the development of
longer leaves and stems, which restored contact with the atmosphere (Insausti
et al., 2001). A number of other species show epinastic growth (downward leaf
movement) in response to flooded conditions.This phenomenon has, among
others, been described for waterlogged sunflower (Helianthus annuus; Kawase,
1974), tobacco (Nicot iana tabacum ; Kramer & Jackson, 1954) and tomato
(Lycopers i con es culentum ; Jackson & Campbell, 1975a). In these species
epinastic growth is assumed to ameliorate the dehydrating effect of a drop in
hydraulic conductance of flooded roots (Jackson, 2002).
In this study petiole angle varied during the year, with high petiole
angles in northern hemisphere spring and summer and lower angles in autumn
and winter (Fig. 3).The angle with respect to the gravity vector that an organ
maintains has been termed the gravitropic set-point angle (GSA). For each
plant organ, this GSA is determined by its developmental stage and by
environmental conditions (Digby & Fern, 1995).The variation in start petiole
angle observed here did not result from changes in environmental conditions
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or developmental stage of the plant during the year because these were kept
constant. Neither was the variation the result of the use of different seed
batches. In a recent study Edelmann et al. (2002) reported variation in
coleoptile GSA of dark-grown rye seedlings that differed from sowing to
sowing. This variation was caused by a difference in the height of the
vermiculite layer covering the germinating seedlings in the different sowing
events, with ethylene playing an important role (Edelmann et al., 2002). It
seems unlikely that a similar effect can explain the difference in start petiole
angles of R. palustr is plants because seeds were germinated on beads floating
on water and were transplanted to the soil after 10 d. Additionally, the
difference in leaf angle between batches was observed after a much longer
time span (27 d), compared to the differences in the study on the rye seedlings
that were present after 3 d (Edelmann et al., 2002). Instead, the higher petiole
angles observed for R. palust r i s in spring and summer and lower angles in
autumn and winter (Fig. 3), suggest an annual rhythm in the GSA of R.
palust r i s petioles, which is noticeable even though the plants are grown in
controlled environmental conditions.
Interestingly, we observed that varying initial petiole angles at the time
of submergence resulted in differences in the kinetics of hyponastic growth
(Fig. 3, 4A). Hyponastic growth of petioles with a higher initial angle was
initiated later, had a later point of inflection (X0), and reached a higher final
angle than control petioles. The time at which the maximum angle was
reached, and the factor determining the steepness of the curve, were similar
for high and low initial angles (Table I).That the initial angle of the petiole
determines the kinetics of hyponastic growth is an important factor to take
into account when comparing the kinetics of hyponastic growth between
different treatments (for example hormone applications or hormone
biosynthesis/transport inhibitors) that could influence the initial petiole angle.
Myers et al. (1995) measured gravitropically-induced growth rate changes of
the upper and lower surfaces of sunflower hypocotyls gravistimulated at a
number of angles from the vertical. In contrast to the present study, they
observed no influence of the displacement angle on the kinetics of the
gravitropic response. They did show that the period of maximal differential
growth was shorter at small displacement angles, and longer at greater
displacement angles (Myers et al., 1995). However, comparison of the kinetics
of the gravitropic response in Myers et al. (1995) was only performed on a
visual basis. Closer examination of the data presented in their study using the
fitting method described here, could very well reveal differences in the kinetics
of the angle response.
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S t i m u l a t e d  p e t i o l e  e l o n g a t i o n
The advantage gained by changing the petiole position upon
submergence is enhanced by an acceleration of petiole elongation (Fig. 4B).
Together these two responses enable the leaf to act as a snorkel to facilitate
gas exchange when reaching the water surface, thereby enhancing the rate of
photosynthesis (Voesenek & Blom, 1999). In this study, the maximum fitted
petiole elongation was 3 mm, independently of the start angle. Although this
length increase is relatively small, one has to take into consideration that for
practical reasons the plants used in this study were relatively young (27 d of
age). It has been shown previously that older R. palustr is  plants, submerged
for a longer time period than the 16 h described in this study, can achieve a
much greater increase in petiole length (Voesenek & Blom, 1989a).
Although the maximum fitted petiole elongation was independent of
the initial petiole angle, other parameters describing the kinetics of petiole
elongation did depend on the initial angle. Lower initial angles resulted in a
longer lag-phase, a steeper slope and an earlier point of inflection compared
to higher initial angles (Table I). Stimulated petiole elongation in response to
complete submergence has been described for a number of species (reviewed
in Ridge, 1987 and Voesenek & Blom, 1999). In all these species, this process
serves to reach the water surface and restore gas exchange, as it does in R.
palustr is.
A  p e t i o l e  a n g l e  o f  4 0 - 5 0  d e g r e e s  i s  n e c e s s a r y  f o r  t h e  o n s e t
o f  s t i m u l a t e d  p e t i o l e  e l o n g a t i o n
The digital camera system allows study of both hyponastic growth and
stimulated petiole elongation of the same petiole of a submerged R. palustr is
plant.This simultaneous study of two responses induced by submergence led
to the discovery that the onset and kinetics of stimulated petiole elongation
depend on the petiole angle of the plant. It seems that there is a “critical”
petiole angle that has to be reached before stimulated petiole elongation can
take place. From Figure 6 it can be deduced that this “critical” angle is between
40 to 50 degrees.When the initial petiole angle of a plant is lower than this
threshold value, stimulated petiole elongation only starts to take place when
the threshold of 40 to 50 degrees has been reached.The petiole can achieve
this change in angle through the process of hyponastic petiole movement.
When the initial angle of the petiole is higher than the threshold value of 40
to 50 degrees, no angle change is required for the onset of stimulated petiole
elongation, since the threshold value is already met.
Additional proof for the existence of such a threshold angle for the onset
of stimulated petiole elongation is given in Figure 7A.The petiole was fixed
at its initial position (30 degrees), which is below the threshold angle. During
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this fixation, there was hardly any increase in elongation rate of the petiole.
After release of the fixation, stimulated elongation started when the petiole
had overcome the threshold value of 40 to 50 degrees (0.6 h after the release
of the angle fixation).
The reverse experiment (Fig. 7B; initial petiole angle at the time of
submergence at 80 degrees) shows that stimulated petiole elongation takes
place when the angle at the time of submergence is 80 degrees. When the
petiole is manipulated back to its start position after an initial orientation at
80 degrees for a number of hours, the stimulated elongation of the petiole
caused by this upright position is slowed down. Stimulated petiole elongation
is resumed when the petiole is placed back at an angle of 80 degrees with the
horizontal (data not shown). This shows that the dependency of petiole
elongation on the threshold petiole angle (40-50 degrees) is a reversible
process, with stimulated elongation being switched “on” and “off ” depending
on the angle of the petiole.
In the experiment described in Figure 7B (initial petiole angle at the
time of submergence at 80 degrees), no lag-phase for elongation would be
expected if the threshold value for petiole angle was the only parameter that
had to be met for the onset of petiole elongation. However, the lag-phase for
petiole elongation was still 1.9 h (Fig. 7B) indicating that there is another
signal required for the onset of stimulated petiole elongation. Another
indication for this can be found in Figure 5B, which shows that plants that
start with a petiole angle above the threshold value still show a lag-phase of
petiole elongation of 1 to 1.5 h. Previous studies on leaf elongation in
submerged R. palust r i s plants found a lag-phase similar to the “basal” lag-
phase observed in this study (Voesenek et al., 1993; Banga et al., 1997). In
these earlier studies elongation was measured over the whole leaf (petiole +
leaf blade) using linear variable displacement transducers, a technique in which
the leaf has to be placed in a vertical position to enable measurements.This
vertical placement means that the threshold angle signal is reached in these
leaves at the start of submergence.That these leaves show a similar “basal” lag-
phase for elongation of approximately 1 to 1.5 h resembles closely the situation
in Figure 7B and supports the data presented in this study. The “basal” lag-
phase, observed here and in earlier studies, probably represents the time needed
for the submergence signal to be perceived and translated into a signal
transduction pathway leading to stimulation of petiole elongation.The signal
that induces petiole elongation in submerged R. palustr is plants is the gaseous
plant hormone ethylene, which accumulates in the plant during submergence
(Voesenek & Blom, 1999). The involvement of other plant hormones is
described in Chapter 4.
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Using the digital camera system we have revealed a fine-tuned
interaction between two responses that enable a plant to deal with complete
submergence. To our knowledge, not many studies have described such
interactions.The shade-avoidance process (reviewed in Smith, 2000) constitutes
enhanced petiole elongation and hyponasty. A detailed kinetic study could
very well reveal an interaction between these two processes similar to that
found in this study. Palmer (1964) described two growth processes in response
to horizontal orientation of sunflower plants: petiole epinasty and an inhibition
of extension growth of the internodes. Epinasty appeared to be directly linked
to the horizontal stimulus, while growth inhibition reached its maximum 24
to 48 h after the application of the stimulus (Palmer, 1964). However, the
interaction between these two growth processes was not studied.
A  m o d e l  f o r  i n t e r a c t i o n  b e t w e e n  s u b m e r g e n c e - i n d u c e d
h y p o n a s t i c  g r o w t h  a n d  p e t i o l e  e l o n g a t i o n
Given that the start of petiole elongation depends on two signals
(threshold petiole angle and a “basal” lag-phase for perception and transduction
of the submergence signal), a model for the interaction between submergence-
induced hyponastic growth and stimulated petiole elongation in R. palustr is
petioles can be designed (Fig. 8).This model is based on the use of Boolean
language, which is a digital (numeric) formalism that allows an accurate,
qualitative description of signal transduction processes (Genoud & Métraux,
1999; Genoud et al., 2001).The Boolean language translates signaling elements
into binary state elements, which have an “on” (1) and “off ” (0) state. Boolean
operators can combine the input signals from a number of these signaling
elements into a certain output signal.An advantage of using the Boolean system
is that the physiological nature of the signals between signaling elements, or
the number of steps involved, does not have to be known. This makes it a
useful system to describe the interaction between hyponastic growth and
petiole elongation presented in this paper. For this interaction we know which
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F i g u re  8 . Boolean model describing
the interaction between submergence-
induced hyponastic growth and
stimulated petiole elongation in R.
palustris petioles. The AND operators
in the model indicate that both input
conditions have to be met to generate
the output.
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elements have to be met in order to achieve petiole elongation, but we do not
yet have extensive information on the nature of the interactions. Using the
Boolean system, the model in Figure 8 represents the following interaction
between hyponastic growth and petiole elongation: Stimulated petiole
elongation in response to complete submergence starts when two input
conditions have been met: a submergence signal and a threshold value of the
petiole angle of 40 to 50 degrees. Hyponastic growth is the process that
increases the angle of the petiole during submergence (as long as the petiole
angle is lower than 80 degrees), so that eventually the threshold value for the
petiole angle is met, and petiole elongation can start (Fig. 8).
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Chapter  3
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A b s t r a c t  
Rumex palus t r i s plants respond to submergence with an upward movement of the
youngest petioles.This hyponastic response, in combination with stimulated elongation of the
petiole, brings the leaf blade above the water surface and restores contact with the atmosphere.
Hyponastic growth is caused by differential cell elongation across the base of the petiole, with
cells on the abaxial (lower) surface elongating more than cells on the adaxial (upper) side.We
investigated the hormonal regulation of this differential growth process and found that the plant
hormones ethylene, auxin, abscisic acid and gibberellins are important.The following model is
presented: Submergence, possibly via accumulation of ethylene, induces a symmetrical lateral
redistribution of auxin to both the ab- and adaxial side of the petiole. In addition to this, we
hypothesize that an asymmetry develops or is already present across the petiole base, with an
increased sensitivity to, and/or concentration of, growth substances in the abaxial basal region
of the petiole.Together these changes lead to differential cell elongation and hyponastic growth.
Abscisic acid and gibberellins seem to modulate this response.
I n t r o d u c t i o n
Changes in the orientation of plant organs in response to environmental
factors are widespread in the plant kingdom.These nastic responses (Palmer,
1985) can be divided into epinastic (downward) and hyponastic (upward)
curvatures and are caused by differential growth, with the adaxial (upper)
respectively the abaxial (lower) side of the organ growing more rapidly (Kang,
1979). One of the environmental factors inducing hyponastic leaf movement
is flooding (Rumex palus t r i s :Voesenek & Blom, 1989a; Ranunculus repens
and Caltha palustr i s : Ridge, 1987; Leontodon taraxacoides : Grimoldi et al.,
1999; Paspalum di la tatum : Insausti et al., 2001). The semi-aquatic species
Rumex palus t r i s occurs in flooding-prone regions and shows hyponastic
growth in response to complete submergence (Chapter 2;Voesenek & Blom,
1989a; Banga et al., 1997). This process, together with stimulated petiole
elongation, contributes to increased survival by enabling the leaves to reach
the water surface so that gas exchange with the atmosphere is restored
(reviewed in Voesenek et al., 2003).
The gaseous plant hormone ethylene accumulates in the plant during
submergence (reviewed in Peeters et al., 2002) and has been implicated as an
important factor in hyponastic growth of R. palust r i s (Voesenek & Blom,
1989a; Banga et al., 1997). Ethylene also plays a role in organ movement
processes like petiole epinasty (reviewed in Kang, 1979), shoot gravitropism
(Kaufman et al., 1995), the seedling apical hook (Ecker, 1995) and shading-
induced hyponasty (Pierik et al., 2003;Vandenbussche et al., 2003).
Auxin also plays an important role in differential growth. Early studies
led to the hypothesis that a lateral translocation of indole-3-acetic acid (IAA)
takes place in a plant organ in response to environmental cues (for example
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gravity and light).The resulting differential distribution of IAA is the basis for
differential cell elongation leading to nastic or tropic responses (Went &
Thimann, 1937). More recent molecular and genetic studies have largely
supported this hypothesis (reviewed in Friml & Palme, 2002). In maize
coleoptiles, a differential expression of an auxin-induced K+-channel precedes
the phototropic curvature response.These K+-channels have been proposed to
control the “osmotic motor” involved in auxin-induced differential growth
leading to phototropism (Fuchs et al., 2003). Recently, a plasma membrane
aquaporin has been indicated as an important component of the regulation of
epinastic leaf movement in tobacco (Siefritz et al., 2004). Auxin also activates
plasma membrane H+ ATPases, inducing increased proton extrusion (reviewed
in Becker & Hedrich, 2002). Acidification of the apoplast results in expansin
activation (Cosgrove, 2000). Expansins are cell wall proteins that weaken non-
covalent bonds between wall polysaccharides in a pH-dependent manner,
thereby allowing turgor driven cell enlargement (McQueen-Mason &
Cosgrove, 1994). Close correlations have been observed between expansin
gene expression and growth, suggesting expansins as key endogenous regulators
of plant cell enlargement (Cosgrove, 2000). Zhang & Hasenstein (2000)
observed differential expansin distribution in graviresponding maize roots,
indicating the involvement of these cell wall loosening enzymes in differential
growth processes.
The plant hormones abscisic acid (ABA) and gibberellins (GAs) influence
leaf orientation of lemonwood in opposite ways (Dwyer et al., 1995).
Application of GA induced leaf hyponasty, whereas leaves treated with ABA
showed epinasty.The role of GA in inducing more upright organ orientation
has also been described in a number of other studies (Palmer, 1964; Blake et
al., 1980; Clúa et al., 1996). In tobacco, shading-induced hyponastic petiole
movement is regulated via modulation of the sensitivity to GA by ethylene
(Pierik, 2003).
We made a detailed study of submergence-induced hyponastic growth
in R. palustr is petioles. Our studies encompassed the complete range of the
known signal transduction pathway: from the cellular localization of differential
growth, to the hormonal regulation, and the possible involvement of a cell-
wall loosening protein as a downstream target. Our objectives were to
determine: (a) the region of the petiole responsible for submergence-induced
hyponastic growth, (b) the role of the plant hormones ethylene, auxin, GAs
and ABA, and (c) whether expansin is a downstream target for hyponastic
growth.
In short, we localized submergence-induced hyponastic growth to a small
abaxial region of the basal part of the petiole.The plant hormones ethylene,
auxin, ABA and GAs are involved in this differential growth process, but they
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probably do not exert their effect via the establishment of a gradient in
expansin expression across the petiole base. A model for the regulation of
hyponastic growth is proposed.
M a t e r i a l s  a n d  M e t h o d s
P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s
Rumex palustr is (Sm.) plants were grown as described in Chapter 2. In
all experiments, the third oldest petiole of 27 d old plants was studied. In this
developmental stage the third petiole exhibited clear hyponastic growth
(Chapter 2). Plants were selected for similarity of developmental stage and
length and initial angle of the third petiole. All experiments started between
08.00 h and 10.00 h when the plants were 27 d of age.
C o m p u t e r i z e d  d i g i t a l  c a m e r a  s y s t e m
The angle of the third oldest petiole of intact R. palust r i s plants was
measured using a computerized digital camera system as described in Chapter
2.To enable continuous photography, experiments were made in continuous
light, except for the 48 h experiments (Fig. 6A) in which a night period of 8
h was included. Plants were prepared and marked as described in Chapter 2
and placed in the cuvettes of the camera system the day before the experiment
to acclimatize.
S u b m e r g e n c e  t r e a t m e n t
Plants were submerged as described in Chapter 2.
E t h y l e n e  a n d  1 - M C P  t r e a t m e n t
Ethylene (100 µL L-1; Hoek Loos BV, The Netherlands) and air (70 %
relative humidity) were mixed using flow meters (Brooks Instruments BV,The
Netherlands) to generate a concentration of 5 µL L-1 ethylene, which was
flushed through glass cuvettes (15.0  17.5   29.0 cm) at 75 L h-1, and then
vented to the outside of the building.This concentration saturates ethylene-
induced petiole elongation in R. palust r i s (Voesenek & Blom, 1989a). A
concentration of 1 µL L-1 ethylene was reached in the cuvettes after
approximately 10 min of starting the treatment; and 5 µL L-1 was reached after
40 min. The ethylene concentration was checked regularly on a gas
chromatograph (GC955, Synspec, Groningen, Netherlands), and remained
constant for the duration of the experiment. Control cuvettes were flushed
with air (70 % relative humidity) at the same flow rate.
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The gaseous ethylene perception inhibitor 1-methylcyclopropene (1-
MCP) was released from Ethylbloc (Floralife Inc., USA) containing 0.14 % 1-
methylcyclopropene.To release 1-MCP, Ethylbloc was first dissolved in water
in an airtight container at 40 ºC for 12 min. 1-MCP gas was then collected
from the headspace with a syringe and injected into an airtight cuvette (for 1
µL L-1: 1.6 gram ethylbloc per m3). Plants were pre-treated with 1 µL L-1 1-
MCP for 3 h, after which the cuvettes were opened and submergence or
ethylene treatment was applied. Longer pre-treatment did not affect the results.
R e m o v a l  o f  t h e  l e a f  b l a d e  a n d  a u x i n  t r e a t m e n t
To reduce the endogenous auxin concentration in the petiole, the leaf
blade of the third oldest petiole was removed using scissors, and silicone
vacuum grease was applied to the wound surface. The acclimation period
between removal of the leaf blade and the onset of treatment did not influence
the response to subsequent treatments.Therefore, no acclimatisation period
was inserted after removal of the leaf blade.
De-bladed plants were submerged in tap water (20 ºC) or in tap water
containing the synthetic auxins 1-naphtalene acetic acid (NAA; 1.10-5 M) or
2,4-dichlorophenoxy acetic acid (2,4-D; 5.10-6 M; Duchefa, Haarlem, The
Netherlands).The synthetic auxins were dissolved in a small volume of 96 %
ethanol.The final ethanol concentration in the cuvettes never exceeded 0.03
% and the pH was set to 7.5-8.0.
Intact plants were pre-treated with 125 µL 1.10-3 M naphthylphtalamic
acid (NPA; Duchefa, Haarlem,The Netherlands) or NAA, or 125 µL 1.10-4 M
2,4-D per plant, by brushing a pre-treatment solution on the third oldest
petiole and the basal part of the third leaf blade. Pre-treatment with NPA took
place 17 h and 2 h before the start of submergence, and pre-treatment with
NAA or 2,4-D 2 h before submergence. Ethanol concentration in the pre-
treatment solution never exceeded 3 % and the pH was set to 7.5-8.0.TWEEN
20 (0.1 %) was added to ensure even distribution of the solution over the plant
tissue. A pre-treatment solution without the synthetic auxins/inhibitor, but
containing 3 % ethanol and 0.1 % TWEEN, was used as a control. Pre-treated
plants were gently lowered into a solution containing 2.5.10-5 M NPA (0.2 %
ethanol) with or without NAA or 2,4-D in the concentrations mentioned
above.
P a c l o b u t r a z o l / g i b b e r e l l i n  t r e a t m e n t
Intact plants were pre-treated with 5 mL 1.10-4 M paclobutrazol or
gibberellic acid 3 (GA3; Duchefa, Haarlem, The Netherlands). The pre-
treatment solution (also containing 0.2 % ethanol, 0.1 % TWEEN, pH 7.5-
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8.0) was applied to the third oldest petiole and the basal part of the third leaf
blade, and to the soil. Pre-treatment with paclobutrazol took place twice (with
an interval of 7 h) 3 d before the start of the experiment; GA3 pre-treatment
19 h and 1 h before the start of submergence.A pre-treatment solution without
hormone/inhibitor, but containing 0.2 % ethanol and 0.1 % TWEEN was used
as a control. Pre-treated plants were gently lowered into tap water or a solution
containing 1.10-4 M GA3 (0.06 % ethanol).
A B A / f l u r i d o n e  t r e a t m e n t
Intact plants were submerged in tap water containing 3.10-6 M (0.002
% ethanol) or 1.10-5 M (0.009 % ethanol) abscisic acid (ABA; Duchefa,
Haarlem,The Netherlands).The pH of the submergence solutions was set to
7.5-8.0.
Fluridone (Sigma, Zwijndrecht, The Netherlands) was dissolved in a
small volume of acetone, and diluted in tap water to give a pre-treatment
solution containing 1.10-4 M fluridone (0.1 % acetone). Plants were pre-treated
once, 72 h before the start of the experiment, by administering 10 mL of this
pre-treatment solution to the soil. Control plants were pre-treated in a similar
fashion with a solution of tap water containing 0.1 % acetone.
I m a g e  a n a l y s i s
Petiole angle was measured on digital photographs as described in
Chapter 2.
T h e  e f f e c t  o f  h o r m o n e / i n h i b i t o r  p r e - t r e a t m e n t  o n  t h e
i n i t i a l  p e t i o l e  a n g l e
Given the effect that the initial angle of the petiole exerts on the kinetics
of hyponastic growth in R. palust r i s (Chapter 2), it was important in this
study to compare plants with a similar initial petiole angle. Since
hormone/inhibitor pre-treatment resulted in a change in petiole angle before
the start of the experiment (Table I) it was not possible to compare hyponastic
growth kinetics of pre-treated and not pre-treated plants within one
experiment.Therefore, in all experiments we compared the hyponastic growth
kinetics of submerged plants pre-treated with hormone/inhibitor with those
of submerged plants without pre-treatment that had a similar initial petiole
angle.These latter data were obtained from separate experiments.Alternatively,
the petiole of all plants (pre-treated and not pre-treated) was manipulated to
the same initial angle at the start of the experiment (Fig. 9B). It has been
shown previously that manipulation of the initial petiole angle results in
hyponastic growth kinetics that are similar to those of un-manipulated plants
with the same petiole angle at the start of the experiment (Chapter 2).
4 2 • C h a p t e r  3
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C e l l  l e n g t h  m e a s u r e m e n t s
Epidermal imprints (Schnyder et al. 1990; Allard & Nelson, 1991) along
the ab- and adaxial petiole surface were obtained using polyvinly-
formaldehyde/formvar (Brunschwig,Amsterdam,The Netherlands) from plants
exposed to air or submergence in 50 L containers. A cross section of a Rumex
palustr is petiole is shown in the insert in Figure 2. Eight collenchyma strands
are found on the surface of the petiole, in close proximity to the vasculature.
For both the ab- and the adaxial surface, cell lengths in one file of collenchyma
(see boxes insert Figure 2) stretching from the petiole base to the apex were
measured using an IBAS image analysis system (Zeiss Vision, Oberkochen,
Germany). Imprints were microscopically examined (objective 10 x, projective
1.25 x) and scanned with a Panasonic b/w CCD camera (type WWWC-
CD50): frame size 768   512 pixels; 256 grey levels; pixel size: 0.8017 µm 
0.8403 µm.
We calculated if the differential increase in epidermal cell length between
the ab- and adaxial petiole surface could account for the change in petiole
angle that was observed.The petiole was represented by parts of two circles
(black area in Figure 1), with the abaxial surface belonging to the outer circle
and the adaxial surface to the inner circle.The calculation was performed as
follows:
x / 2πr = α / 360 [1]
y / 2π (r+d) = α / 360 [2]
x / 2πr = y / 2π (r+d) [3]
r = xd / (y-x) [4]
α = ((y-x) / d)   (360 / 2π)                                       (4 in 1) [5] 
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Table I. Effect of hormone/inhibitor pre-treatment on initial petiole angle of R. palustris at the
start of the experiment.
The initial petiole angle (at t=0 of the experiment) is compared for plants that received a
hormone/inhibitor pre-treatment and plants that were not pre-treated. Plants were 27 d old and data
are means of 4 replicate plants (standard errors between brackets). Means with different letters are
significantly different (P<0.05).
Petiole angle at start experiment (degrees)
No pre-treatment Pre-treatment Pre-treatment with:
40 (1)a 52 (2)b 1-MCP 
39 (3)a 24 (5)b NPA
39 (3)a 30 (9)a NPA + NAA
39 (3)a 27 (11)a NPA + 2,4-D
41 (4)a 38 (9)a Paclobutrazol
41 (4)a 54 (2)b Paclobutrazol + GA3
57 (6)a 78 (3)b fluridone
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Where: x = length adaxial surface, y = length abaxial surface, α = angle
of the petiole, r = radius inner circle, d = diameter petiole, r+d = radius outer
circle.
From Formula [5] it can be deduced that the difference in length
between the ab- and the adaxial petiole surface (y-x) determines the petiole
angle, given that the diameter of the petiole (d) remains constant.
A n a l y s i s  o f  e n d o g e n o u s  I A A  c o n t e n t
Different parts of the petiole from the third oldest leaf of 27 d old plants
were harvested: (1) single petioles from plants that had undergone control or
submergence treatment with or without the leaf blade of the third leaf
attached, and (2) ab- and adaxial fragments of the petiole from plants under
water or in air. In the latter harvest, the petiole was divided into two parts:
the most basal 2.5 mm of petiole and the remaining apical part (8-10 mm).
Ab- and adaxial fragments were cut along the entire length of these two petiole
parts with a razor blade, using a dissection microscope.These fragments were
cut as a thin layer containing the epidermis, the collenchyma bundle and some
cortex cells, comprising 20-30 % of the total fresh weight of the petiole part
(dashed lines, insert Fig. 2). Per sample, fragments of 10 plants were pooled,
the total fresh weight was determined and the sample was immediately frozen
in liquid nitrogen and stored at -80 ºC. The start of treatment for the 6
replications of harvest 2 was spaced out in time (interval 20 min) to allow
quick harvesting and freezing of the plant material. Extraction and purification
of the samples and measurement of the endogenous indole-3-acetic acid (IAA)
concentration by gas chromatography-selected reaction monitoring-mass
spectrometry (GC-SRM-MS) was performed essentially as described in
Edlund et al. (1995). Calculation of isotope dilution factors was based on the
addition of 1 ng [13C6]IAA per sample.
4 4 • C h a p t e r  3
F i g u re  1 . Model used to calculate the dependency of the
petiole angle (α) on the length of the adaxial surface (x) and
the abaxial surface (y) of the petiole. α = ((y-x) / d) * (360 / 2π),
for calculation see Materials and Methods. The petiole is
represented by the black area between the two circles. r =
radius inner circle, d = diameter petiole, r+d = radius outer
circle. From the formula it can be deduced that the difference
in length between the ab- and the adaxial petiole surface (y-x)
determines the petiole angle, given that the diameter of the
petiole (d) remains constant. 
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R N A  e x t r a c t i o n  a n d  R e a l - t i m e  P C R  m e a s u r e m e n t s  o f
E X P A N S I N 1 m R N A
The third oldest petiole of 27 d old plants was divided into two parts:
the most basal 2.5 mm and the remaining apical part (8-10 mm). Both parts
were cut in half longitudinally (solid line, insert Fig. 2), giving an abaxial and
an adaxial half (5 replicates, each consisting of the pooled material of 21
plants).These halves were immediately transferred to liquid nitrogen and stored
at -80 ºC.The start of treatment for the 5 replications was spaced out in time
(interval 15 min), to allow quick harvesting and freezing of the plant material.
RNA extraction and real-time RT-PCR measurements of R. palust r i s
EXPANSIN1 (RpEXP1) mRNA took place as described in Vreeburg  (2004).
S t a t i s t i c a l  a n a l y s i s
The lag-phase for the start and finish of hyponastic growth was calculated
as described in Chapter 2. Data were compared using a two-way analysis of
variance (Fig. 2, 4, 5, 10), a one-way analysis of variance and a Bonferroni’s
posthoc test (Fig. 6, 7, 9A) or an independent samples t-test (Table I, Fig. 3,
8, 9B) using the program SPSS version 10 (SPSS inc., Chicago).
R e s u l t s
S u b m e r g e n c e - i n d u c e d  h y p o n a s t i c  g r o w t h
A typical example of submergence-induced hyponastic growth of the
third oldest petiole of Rumex palus t r i s is shown in Figure 2A. After a lag-
phase of 2.1 h (SE 0.5 h) the angle of submerged petioles started to increase,
reaching a maximum angle of 80 degrees after 6.4 h (SE 0.4 h).The petiole
angle of plants in air decreased slightly in time (Fig. 2A). Since the petiole
angle of air-grown plants was very consistent in all experiments, it is only
shown in Figure 2A. The difference in petiole angle of approximately 10
degrees between submerged and air-grown petioles immediately after the onset
of submergence (at t=0 h) was caused by buoyancy.
L o c a l i z a t i o n  h y p o n a s t i c  g r o w t h
We set out to localize the petiole region where differential growth took
place. After 4 h of submergence a clear difference in petiole angle existed
between submerged and air-grown petioles (Fig. 2A). Therefore, epidermal
cell lengths were measured at this time point, along the entire length of an
ab- and an adaxial collenchyma strand (see insert Fig. 2). Differential growth
was observed at the base of submerged petioles (Fig. 2B, C). Only on the
H y p o n a s t i c  g r o w t h  R u m e x • 4 5
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abaxial (lower) surface of the base the cells of submerged plants were bigger
than those of air-grown plants after 4 h of treatment (P<0.01).
We calculated if the difference between the length of the ab- and
adaxial surface could account for the observed change in petiole angle after 4
h of submergence. For air-grown plants this difference (y-x; Figure 1) was 8.57
mm - 6.88 mm = 1.69 mm, for submerged plants 9.41 mm - 6.74 mm = 2.67
4 6 • C h a p t e r  3
F igure  2 . (A): Hyponastic growth of the third oldest petiole of submerged R. palustris plants (27 d
old; 4 replicate plants). Lag-phase: 2.1 h (SE 0.5 h), end hyponastic growth: 6.4 h (SE 0.4 h); (B) and
(C): epidermal cell length along the adaxial (upper; B) and abaxial (lower; C) surface of the petiole,
from the base to the apex. Plots are means of 4 replicate plants. The insert shows a transverse section
through the third oldest petiole, the boxes visualize the collenchyma strands on which the epidermal
cell length measurements were made. The lines in the insert are explained in Figure 4 and 10. Mean
standard error never exceeded 10 % in (A) and 15 % in (B, C).
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mm (4 replicate plants). Thus, (y-x) increased 1.58-fold during 4 h of
submergence. Given that all other parameters in the formula describing the
petiole angle [α = ((y-x) / d)   (360 / 2π), see Materials and Methods] remain
the same, this 1.58-fold increase in (y-x) will cause an identical increase in
the angle of the petiole (α). The initial petiole angle at the start of the
experiment was between 40 and 55 degrees, and after 4 h of submergence the
petiole had reached an angle of 65-75 degrees (Chapter 2).Thus, the calculated
1.58-fold increase accounts for the change in angle observed after 4 h of
submergence.
Already at the start of the experiment, there were differences in cell
length between the ab- and adaxial surface of the petiole, and between the
base and the apex of both surfaces (Fig. 2B, C). On average, cells on the abaxial
surface were larger (92 µm) than those on the adaxial surface (79 µm; P<0.01).
For both surfaces, we observed an increase in cell length from the base to the
apex of the petiole (P<0.01).
E t h y l e n e
Ethylene treatment induced hyponastic growth with a lag-phase similar
to that of submerged petioles (Fig. 3A). The angle increase in response to
ethylene was slightly faster than upon submergence.The end of the hyponastic
response was reached after 4.5 h for the ethylene-treated plants, which was
earlier (P<0.01) than in submerged plants.The maximum petiole angle was
80 degrees for both treatments (Fig. 3A). Switching off the ethylene when the
maximum petiole angle was reached, resulted in a gradual decrease over the
next 10 h and a lower petiole angle at the end of the experiment compared
to plants treated continuously with ethylene (P<0.01).
Pre-treatment with the ethylene perception inhibitor 1-methyl-
cyclopropene (1-MCP) abolished the distinct kinetics of hyponastic growth
in submerged plants (Fig. 3B). Although submerged plants pre-treated with 1-
MCP did show an increase in petiole angle, it was smaller than in submerged
plants that were not pre-treated (P<0.01), and no distinct lag-phase was
observed. In contrast, plants that were pre-treated with 1-MCP and
subsequently exposed to ethylene did not show any hyponastic growth (Fig.
3B).
During the 3 h pre-treatment with 1-MCP, the petiole angle increased
from 40 to 52 degrees (Table I; P<0.05).This was probably caused by the plant
being in an airtight cuvette, in which a higher relative humidity developed
during the pre-treatment period. Previous experiments showed that a high
humidity could also induce hyponastic growth (data not shown). Figure 3B
shows that when the airflow in the cuvette was resumed upon ethylene
H y p o n a s t i c  g r o w t h  R u m e x • 4 7
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treatment (t=0 h), the petiole angle decreased during the first 2 h to regain
the original petiole angle of 40 degrees.
S u b m e r g e n c e  s y m m e t r i c a l l y  i n c r e a s e s  t h e  e n d o g e n o u s  I A A
c o n c e n t r a t i o n  i n  t h e  o u t e r  c e l l  l a y e r s  o f  t h e  p e t i o l e
We examined if the differential cell elongation observed in the petiole
base of submerged plants (Fig. 2B, C) was caused by submergence-induced
redistribution of endogenous indole-3-acetic acid (IAA) in this region. Initially,
the petiole base was cut in half longitudinally, and the endogenous IAA
4 8 • C h a p t e r  3
F igure  3 . Hyponastic growth of the third oldest petiole of R. palustris plants (27 d old) that were
treated with ethylene or submerged (A), or pre-treated with 1-MCP and subsequently submerged or
treated with ethylene (B). The arrow in (A) represents the time when the ethylene treatment was
stopped. Plots are means of 3-8 replicate plants. Mean standard error never exceeded 6 % in (A) and
5 % in (B). Lag-phase and end hyponastic growth: (A) 1.6 h (SE 0.2 h) and 4.5 h (SE 0.1 h) for ethylene,
2.1 h (0.2 h) and 5.5 h (SE 0.2 h) for submerged.
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concentration was measured in the ab- and adaxial halves. In that experiment,
we did not find a gradient in IAA concentration across the petiole base (data
not shown). Subsequently, to avoid dilution of an existing gradient by
harvesting too much plant material not involved in the process, we narrowed
down the region in which we measured IAA to small strips of the ab- and
adaxial surface of the petiole base. In these small fragments, the IAA
concentration increased in response to submergence (P<0.001), and this
increase was similar for both sides of the petiole base (Fig. 4A, B).The kinetics
of this increase in IAA were in the same time frame as the onset of
submergence-induced hyponastic growth.The apical ab- and adaxial fragments
also showed this increase in IAA concentration between 2 and 4 h of
submergence (Fig. 4C, D). In plants in air, we found a higher amount of IAA
in the adaxial compared to the abaxial basal fragment (P<0.001). This
difference was already present at the start of the experiment.
R e m o v a l  o f  t h e  l e a f  b l a d e  d e c r e a s e s  I A A  c o n c e n t r a t i o n  i n
t h e  p e t i o l e  a n d  d e l a y s  h y p o n a s t i c  g r o w t h
The IAA concentration of petioles with a leaf blade attached decreased
in time (P<0.01; Fig 5).This decrease was probably caused by ageing of the
H y p o n a s t i c  g r o w t h  R u m e x • 4 9
F igure  4 . Endogenous IAA concentration (pg/mg fresh weight) in ab- and adaxial fragments of the
base and the remaining apical part of the third oldest petiole of R. palustris (27 d old; 6 replicate
plants). Ab- and adaxial fragments were cut as shown in the insert in Figure 2 (dashed lines). Mean
standard error never exceeded 11 %. 
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petiole tissue. Ljung et al. (2001) showed that the IAA content of A. thaliana
leaves declined during maturation. Removal of the leaf blade caused IAA
concentrations to decrease even more strongly under both control and
submerged conditions (P<0.01; Fig. 5), an effect that was apparent within 2 h
of blade excision and sustained for up to 24 h.To test the influence of auxin
from the leaf blade on submergence-induced hyponastic growth, petioles were
de-bladed at different times during submergence. In plants exposed to air, leaf
blade removal at the start of the experiment resulted in a decline in petiole
angle (Fig. 6B), which started after approximately 4 h. Removal of the leaf
blade at the start of submergence resulted in a 6 h delay in the onset of
hyponastic growth (P<0.01).The maximum angle that was reached by these
5 0 • C h a p t e r  3
F i g u re  5 . Endogenous IAA concentration (pg/mg fresh weight) of the third oldest petiole of R.
palustris plants (27 d old) in air or submerged. Plants were either intact, or the third leaf blade was
removed at the start of the treatment. Data are means of 8 replicate petioles for t=0 h and 4 replicate
petioles for the other time points. Mean standard error never exceeded 9 % in (A) and 16 % in (B).
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plants during the following day was approximately 10 degrees lower than that
of intact submerged plants, and was sustained at this level throughout the
experiment (Fig. 6A). Removal of the leaf blade after 6 h, when hyponastic
growth was almost completed, or after 24 h, when the maximum petiole angle
was maintained, also resulted in a decrease in maximum petiole angle of
approximately 10 degrees (Fig. 6A).
The delay in hyponastic growth caused by de-blading at the start of
submergence could be overcome by adding the synthetic auxin 2,4-dichloro-
phenoxy acetic acid (2,4-D) to the submergence water (Fig. 6B). After 10 h
H y p o n a s t i c  g r o w t h  R u m e x • 5 1
F igure  6 . Hyponastic growth of the third oldest petiole of submerged R. palustris plants (27 d old)
that were de-bladed after 0, 6 or 24 h into the submergence treatment (A), or that were de-bladed
at the start of the experiment and subsequently submerged in 2,4-D (B). Plots are means of 3-4
replicate plants. Mean standard error never exceeded 4 % in (A) and 20 % in (B). The black boxes in
(A) represent the night period, and the arrows indicate leaf blade removal. Lag-phase and end
hyponastic growth: (B) 2.4 h (SE 0.04 h) and 6.3 h (SE 0.7 h) for submerged, 2.8 h (0.2 h) and 7.5 h
(SE 1.1 h) for 2,4-D, lag-phase - leaf blade 8.6 h (SE 0.2 h). 
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of submergence in 2,4-D, the petiole angle decreased again.This was caused
by twisting of the leaf in response to prolonged exposure to the strong
synthetic auxin. Another synthetic auxin, 1-naphtalene acetic acid (NAA)
restored hyponastic growth in a similar manner (data not shown). Gibberellic
acid3 (GA3), or the ethylene precursor 1-amino-cyclopropane-1-carboxylic
acid (ACC), could not rescue the longer lag-phase of petioles without a leaf
blade, nor could exposing the plants to ethylene (data not shown).
P o l a r  a u x i n  t r a n s p o r t
The involvement of polar auxin transport in submergence-induced
hyponastic growth was tested.Treatment with naphthylphtalamic acid (NPA),
an inhibitor of the auxin efflux carrier, almost doubled the lag-phase of
hyponastic growth (P<0.001; Fig. 7). Despite this initial delay, NPA-treated
submerged petioles reached a similar angle at the end of the treatment as
submerged plants without NPA. The delay in onset of hyponastic growth
caused by NPA was almost completely rescued by the synthetic auxin 2,4-D.
In contrast, NAA could not rescue this delay, and completely abolished
hyponastic growth. NPA pre-treatment resulted in a lower petiole angle at the
start of treatment (P<0.05;Table I). Both synthetic auxins could rescue this
decrease in initial petiole angle. Another inhibitor of the auxin efflux carrier,
2,3,5-triiodobenzoic acid (TIBA), had a similar, but weaker, effect on
submergence-induced hyponastic growth as NPA (data not shown).Treatment
5 2 • C h a p t e r  3
F igure  7 . Hyponastic growth of the third oldest petiole of submerged R. palustris plants (27 d old)
treated with NPA and the synthetic auxins NAA and 2,4-D. Plots are means of 3-8 replicate plants.
Mean standard error never exceeded 21 %. Lag-phase and end hyponastic growth: 1.7 h (SE 0.4 h)
and 7.2 h (SE 0.3 h) for submerged, 3.2 h (0.1 h) and 8.5 h (SE 0.5 h) for NPA, 1.6 h (SE 0.3 h) and 8.6
h (SE 0.1 h) for NPA + 2,4-D. 
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with an inhibitor of the auxin influx carrier, (1-naphthoxyacetic acid; 1-NOA),
did not influence the kinetics of submergence-induced hyponastic growth of
R. palustr is petioles (data not shown).
G i b b e r e l l i n
The involvement of gibberellin (GA) in hyponastic growth of submerged
R. palust r i s petioles was tested using the GA biosynthesis inhibitor
paclobutrazol. Pre-treatment with paclobutrazol resulted in a slower change
of the petiole angle during submergence (Fig. 8A).The initial petiole angle
H y p o n a s t i c  g r o w t h  R u m e x • 5 3
F igure  8 . Hyponastic growth of the third oldest petiole of submerged R. palustris plants (27 d old)
treated with paclobutrazol (A) or paclobutrazol and GA3 (B). Plots are means of 4 replicate plants.
Mean standard error never exceeded 10 % in (A) and 3 % in (B). Lag-phase and end hyponastic growth:
(A) 1.5 h (SE 0.01 h) and 4.3 h (SE 0.3 h) for submerged, 2.0 h (0.3 h) and 6.9 h (SE 0.2 h) for paclo;
(B) 1.6 h (SE 0.2 h) and 6.2 h (0.5 h) for submerged, 2.3 h (SE 0.2 h) and 7.4 h (SE 0.3 h) for paclo +
GA3.
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(Table I), the lag-phase of hyponastic growth, and the maximum petiole angle
(Fig. 8A) were not affected by paclobutrazol. However, paclobutrazol treated
plants reached their maximum angle later than submerged plants without
paclobutrazol (P<0.05).The slower hyponastic growth caused by pre-treatment
with paclobutrazol could be rescued completely by gibberellic acid3 addition
(GA3; Fig. 8B). Pre-treatment with GA3 also increased the initial petiole angle
at the start of the experiment (P<0.05;Table I).
A b s c i s i c  a c i d
Submergence of R. palustr is plants in a solution containing abscisic acid
(ABA) resulted in a decrease of the maximum angle reached by hyponastic
5 4 • C h a p t e r  3
F igure  9 . Hyponastic growth of the third oldest petiole of submerged R. palustris plants (27 d old)
treated with ABA (A) or fluridone (B). Plots are means of 3-4 replicate plants. Mean standard error
never exceeded 5%. Lag-phase and end hyponastic growth: (B) 1.5 h (SE 0.2 h) and 5.6 h (SE 0.8 h)
for submerged, 0.5 h (0.07 h) and 2.4 h (SE 0.2 h) for fluridone pre + submerged. 
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growth (Fig. 9A).The petiole angle during the first hours of submergence was
not affected. However, hyponasty was slowed down after 4.5 h when
submerged in 3 µM ABA, and already after 3 h when submerged in 10 µM
ABA (P<0.05).
Pre-treatment with the ABA biosynthesis inhibitor fluridone resulted
in a dramatic increase in the initial angle of the petiole (P<0.05;Table I).To
enable comparison of the results with submerged plants not pre-treated with
fluridone, the petiole angle at the onset of all treatments was manipulated to
approximately 40 degrees. However, fluridone pre-treated plants that were
exposed to air returned to their original angle of approximately 60 degrees
following this manipulation (Fig. 9B). In submerged plants, pre-treatment with
fluridone caused accelerated hyponastic growth (Fig. 9B). Fluridone pre-
treatment resulted in an almost three-fold reduction of the lag-phase, from 1.5
h to 0.5 h (P<0.01), and the maximum petiole angle was reached twice as fast
(P<0.05). Similar results were obtained when fluridone pre-treated plants were
exposed to ethylene (data not shown). In this latter experiment the petiole
angle was not manipulated at the start of the treatment.
R u m e x  p a l u s t r i s  E X P A N S I N 1 ( R p E X P 1 )  e x p r e s s i o n  i n  t h e
p e t i o l e  b a s e
RpEXP1 transcript levels in ab- and adaxial halves of the petiole base
were determined, to test if the differential cell elongation in this region (Fig.
2B, C) was correlated with a differential expression of this gene coding for a
cell wall loosening enzyme. Figure 10 shows that submergence increased
RpEXP1 transcript levels in time and compared to plants in air (P<0.01).
However, no difference was observed between the ab- and adaxial halves of
the petiole base in response to submergence.The apical halves of the petiole
showed a similar increase in RpEXP1 transcript levels (data not shown).
Transcript levels of a number of other expansins (RpEXP8, 10, 15 and 18)
also did not show differences between the ab- and adaxial basal halves of the
petiole base upon submergence (data not shown).
D i s c u s s i o n
H y p o n a s t i c  g r o w t h  i s  l o c a l i z e d  a t  t h e  a b a x i a l  s u r f a c e  o f
t h e  p e t i o l e  b a s e
Submergence of R. palust r i s resulted in differential cell length
distribution in the petiole base, leading to hyponastic petiole movement (Fig.
2). Only the cells on the basal abaxial surface elongated in response to
submergence, whereas the cell length on the adaxial surface did not change.
H y p o n a s t i c  g r o w t h  R u m e x • 5 5
 hfdst•03  01-03-2004  15:07  Pagina 55
We have shown that this differential increase in cell elongation can account
for the observed change in petiole angle after 4 h of submergence. Our results
are consistent with the existing literature on hyponastic growth responses, in
which upward curvature is attributed to more rapid growth on the abaxial
side of the organ (for example: Hayes & Lippincott, 1976; Kang, 1979). In this
study, we limited our measurements to the epidermis since this structure is
thought to be rate limiting for elongation (reviewed in Kutschera, 2001).
The gravitropic set-point angle (GSA) is the angle with respect to the
gravity vector that an organ maintains. For each plant organ, this GSA is
determined by its developmental stage and by environmental conditions
(Digby & Firn, 1995).The fact that cells on the basal abaxial surface are larger
than those on the basal adaxial surface (Fig. 2) could play a role in determining
the GSA of R. palustr is petioles in air.
5 6 • C h a p t e r  3
F igure  10 . Relative RpEXP1 expression level in ab- and adaxial halves of the base of the third oldest
petiole of R. palustris plants (27 d old; 5 replicate plants). The petiole base was cut as shown in the
insert in Figure 2 (solid line). Mean standard error never exceeded 16 % for (A) and 18 % for (B).
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E t h y l e n e  i s  i m p o r t a n t  f o r  h y p o n a s t i c  g r o w t h  u n d e r
s u b m e r g e d  c o n d i t i o n s
The gaseous plant hormone ethylene plays an important role in
hyponastic growth of R. palust r i s petioles upon submergence. Ethylene-
induced hyponasty was slightly faster than that upon submergence (Fig. 3A).
This difference can be explained by the time it takes for ethylene to build up
inside the petiole after the onset of submergence. The important role of
ethylene in hyponastic growth is supported by the fact that a continued
presence of ethylene is required for maintenance of the maximum petiole angle
(Fig. 3A).
We have also shown that ethylene sensing during submergence is
important for hyponastic growth to occur. Blocking the ethylene receptors by
pre-treatment with 1-MCP completely abolished hyponastic growth in
ethylene-treated plants (Fig. 3B). However, submerged plants that were pre-
treated with 1-MCP did not show a complete inhibition. This difference
between ethylene-treated and submerged plants indicates the existence of
ethylene-independent hyponastic growth in R. palust r i s under water. The
signal causing this differential growth is yet unknown.
S u b m e r g e n c e  i n d u c e s  a  s y m m e t r i c a l  l a t e r a l  r e d i s t r i b u t i o n
o f  a u x i n  i n  t h e  p e t i o l e
The auxin concentration of R. palustr is petioles increased locally during
the first 4 h of submergence, with IAA accumulating in the outer cell layers
on both the ab- and the adaxial side of the petiole (P<0.01; Fig. 4). Since we
did not observe a submergence-induced increase in IAA concentration in ab-
and adaxial halves of the petiole (data not shown) or in intact petioles (Fig.
5B), this indicates that submergence caused a symmetrical lateral redistribution
of endogenous IAA to the outer cell layers on both the ab- and the adaxial
side of the petiole. A similar redistribution of endogenous IAA was proposed
by Morelli & Ruberti (2000, 2002) to function in shading-induced stem
elongation of seedlings. In their model, IAA is translocated laterally from the
vasculature to the outer cell layers where it induces cell elongation. This
symmetrical lateral redistribution of auxin to both surfaces of the petiole is
different from the auxin gradients that are normally found to induce
differential growth processes (lateral redistribution to one side of the organ;
Philippar et al., 1999, Fuchs et al., 2003).We hypothesize that the symmetrical
auxin redistribution plays a role in the hyponastic response of R. palust r i s ,
but that it is accompanied by the development of an asymmetry in the
concentration of, and/or sensitivity to growth-regulating factors across the
petiole base. At the moment we do not know what these factors are.
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In R. palustr i s , non-differential petiole elongation upon submergence
coincides with the up-regulation of an expansin transcript, RpEXP1 (Vriezen
et al., 2000;Vreeburg, 2004). However, this expansin is not differentially up-
regulated across the petiole base in response to submergence (Fig. 10). A
number of other R. palust r i s expansin transcripts (RpEXP8, 10, 15, 18 )
also did not show differential expression (data not shown). Therefore, we
conclude that the expansins we tested are probably not the target proteins that
are differentially expressed in submerged R. palustr is petioles. However, more
detailed studies at the cellular level are required. The R. palust r i s expansin
gene family consists of at least 20 members (Peeters et al., unpublished results),
and it remains possible that one of the expansins that we have not examined
in this study is important in the regulation of hyponastic growth. Additionally,
other cell wall-loosening enzymes (reviewed in Cosgrove, 1997), aquaporins
(Siefritz et al., 2004) or K+-channels (Fuchs et al., 2003) could be differentially
expressed in submergence-induced hyponastic growth of R. palustr is petioles.
A u x i n  f r o m  t h e  l e a f  b l a d e  i n f l u e n c e s  t h e  l a g - p h a s e  a n d  t h e
m a x i m u m  a n g l e  o f  h y p o n a s t i c  p e t i o l e  g r o w t h  
The leaf blade is an important auxin source for Rumex petioles (Fig. 5).
Ljung et al. (2001) observed high IAA concentrations in the petiole of
developing Arabidopsis and tobacco leaves, indicating that IAA is transported
from leaves to the petiole. Similarly, the IAA concentration of R. palustr is leaf
blades is less than half that found in the petiole of the same leaf (data not
shown).The fact that in the present study IAA levels in submerged de-bladed
petioles were still low after 4 , 9 and 24 h indicates that, in the time-frame of
the experiment, the petiole itself did not take over IAA synthesis when the
leaf blade was removed, nor was IAA imported from elsewhere in the plant.
This is in contrast with studies employing decapitation in maize, where the
coleoptile stump could take over auxin production (Haga & Iino, 1998;
reviewed in Iino, 1995).
Despite the strong delay in the onset of hyponastic growth in submerged
de-bladed petioles (Fig. 6), the angle did eventually start to increase, even
though the IAA concentration of de-bladed petioles was still low (Fig. 5).The
delay could be explained by the symmetrical lateral redistribution of auxin to
the outer cell layers of the petiole (described above) being slower due to the
removal of the auxin source. We have also shown that de-blading when the
hyponastic response was already completed (after 6 or 24 h of submergence)
caused a 10 degree decline in the maximum petiole angle (Fig. 6A). This
indicates that leaf-blade derived IAA is needed not only for a correct timing
of the onset of hyponastic growth, but also for the petiole to maintain it’s
maximum angle.
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The prolonged lag-phase of hyponastic growth caused by de-blading at
the start of submergence could be rescued by both the synthetic auxins 2,4-
dichlorophenoxy acetic acid (2,4-D; Fig. 6B) and 1-naphtalene acetic acid
(NAA; data not shown), and not by ethylene, the ethylene precursor 1-amino-
cyclopropane-1-carboxylic acid (ACC), or gibberellic acid3 (GA3; data not
shown).This indicates that the effect of removing the leaf blade is exerted via
auxin, and not via another indirect effect of de-blading. Probably the delay in
the symmetrical lateral redistribution of auxin resulting from de-blading is
removed by the addition of the synthetic auxins.
T h e  i n v o l v e m e n t  o f  p o l a r  a u x i n  t r a n s p o r t
The auxin efflux inhibitor naphthylphtalamic acid (NPA) blocks cycling
of the auxin efflux carriers, thereby inhibiting polar transport of auxin
(Geldner et al., 2001).Treatment of submerged R. palustr is plants with NPA
resulted in a doubling of the lag-phase of hyponastic growth (Fig. 7). However,
after this prolonged lag-phase the petiole angle did change to almost vertical.
Like removing the leaf blade, blocking the efflux carriers probably slows down
the symmetrical lateral translocation of endogenous auxin to the outer cell
layers of the petiole, thereby causing a longer lag-phase of hyponastic growth.
The NPA-induced delayed lag-phase of hyponastic growth could only
be overcome by the synthetic auxin 2,4-D and not by NAA (Fig. 7). In our
view, this illustrates the different affinities of these synthetic auxins for the
influx and efflux carriers. 2,4-D enters the cell via the influx carrier and
diffuses out, not using the efflux carrier (Delbarre et al., 1996). Therefore,
treatment with 2,4-D bypassed the inhibitory effect of NPA on the efflux
carrier and allowed for hyponastic growth to take place (Fig. 7). Although 2,4-
D does not show cell-to-cell transport, submergence in this synthetic auxin
probably allowed sufficient uptake. Ottenschläger et al. (2003) reported that
the endogenous auxin transport mechanism can compensate for a supply of
exogenous auxin.This mechanism probably prevented accumulation of 2,4-D
in the cells. In contrast, NAA is taken up readily by diffusion and requires the
efflux carrier to leave the cell (Delbarre et al., 1996). Consequently, in NPA-
treated plants that are submerged in NAA, this synthetic auxin will accumulate
to high levels in the cells, and abolish hyponastic growth by disturbing the
auxin redistribution across the petiole base. Our results are in agreement with
those of Parry et al. (2001b), who found that the inhibitory effect of 1-
naphthoxyacetic acid (1-NOA) on the influx carriers could only be overcome
by NAA, and not by 2,4-D.
The initial petiole angle at the start of the experiment was low in NPA-
treated plants and could be rescued by both synthetic auxins (Table I),
indicating that the establishment of a proper gravitropic set-point angle (GSA)
requires auxin.
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G i b b e r e l l i n s  s t i m u l a t e  h y p o n a s t i c  g r o w t h
Gibberellins (GAs) influence the speed of submergence-induced
hyponastic growth. Inhibition of GA biosynthesis by paclobutrazol caused
hyponasty to take place slower, without affecting the lag-phase of the response
(Fig. 8A). This slower response could be rescued by the addition of the
bioactive gibberellic acid3 (GA3) to the submergence water (Fig. 8B). The
incomplete inhibition of hyponastic growth by paclobutrazol was not the result
of insufficient application of the inhibitor, since a more severe pre-treatment
did not cause a stronger inhibition (data not shown). In a study on the role of
GA in petiole elongation upon submergence, Rijnders et al. (1997) also
observed only a partial inhibition by paclobutrazol.
Ethylene increases the concentration of, and sensitivity to GAs in R.
palustr is, when measured after 48 h (Rijnders et al., 1997). Additionally, more
detailed measurements have revealed that the GA concentration starts to
increase after approximately 5 h of ethylene treatment (Bou & Benschop,
unpublished results). However, this ethylene-induced up-regulation of GA
concentration is too late to be involved in the regulation of hyponastic growth,
since this process is almost finished after 5 h. In A. thaliana auxin promotes
the GA-mediated destabilization of DELLA proteins, which are nuclear growth
repressors (Fu & Harberd, 2003). Maybe a similar interaction between auxin
and gibberellin takes place in submerged R. palustr is petioles, resulting in a
slower destabilization of DELLA proteins in paclobutrazol treated plants, and
thus in slower growth of localized cells responsible for hyponastic growth.The
function of the growth-repressing DELLA proteins is also influenced by
ethylene in A. thaliana (Achard et al., 2003).
GAs are also involved in the regulation of the gravitropic set-point angle
(GSA) of the petiole, since GA3 pre-treatment induced a higher petiole angle
at the start of the experiment (Table I). A promotive effect of gibberellin on
leaf angle was also observed in tobacco by Pierik (2003). Although
paclobutrazol pre-treatment did not influence the petiole angle at the start of
the experiment, it did lower the angle of the leaf blade, giving the plant an
epinastic appearance (data not shown).
A b s c i s i c  a c i d  i n h i b i t s  s u b m e r g e n c e - i n d u c e d  h y p o n a s t i c
g r o w t h
We have shown that abscisic acid (ABA) is an inhibitory factor in the
regulation of hyponastic growth in submerged R. palustr is plants.Treatment
of submerged plants with ABA partially inhibited hyponastic growth (Fig. 9A),
whereas the ABA biosynthesis-inhibitor fluridone exaggerated the response
(Fig. 9B). Similar results were obtained when plants were exposed to ethylene
instead of submergence (data not shown).These results are consistent with the
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fact that submergence and ethylene treatment decrease the ABA concentration
in R. palust r i s petioles within an hour of treatment (Benschop et al.,
unpublished results). The negative role for ABA in hyponastic growth is in
accordance with results of Dwyer et al. (1995), who observed leaf epinasty as
a result of ABA application.ABA also plays an inhibitory role in submergence-
induced non-differential elongation responses in deepwater rice (Hoffmann-
Benning & Kende, 1992) and R. palust r i s petioles (Benschop et al.,
unpublished results).
The petiole angle of plants in air increased dramatically during the
fluridone pre-treatment (Table I), implicating that ABA also negatively controls
the gravitropic set-point angle (GSA) of the petiole in air.To compensate for
this increase, we manipulated the angle of the petiole so that it was similar for
all the treatments. Even fluridone pre-treated petioles in air were able to
correct for this downward manipulation, as shown by the increase in angle
back to the fluridone-induced 60 degrees (Fig. 9B).
M o d e l  f o r  h y p o n a s t i c  g r o w t h  
Based on the experimental data presented here, we propose a model for
submergence-induced hyponastic growth in R. palust r i s petioles (Fig. 11).
Submergence results in an accumulation of ethylene in the plant tissue
(reviewed in Peeters et al., 2002).This ethylene acts as an important signal for
the induction of hyponastic growth (Fig. 3). Submergence also results in a
symmetrical lateral redistribution of IAA to the outer cell layers of the petiole
on both the ab- and the adaxial surface (Fig. 4), possibly via ethylene. In
addition to this symmetrical localized increase in auxin concentration, we
hypothesize that an asymmetry in growth-regulating factors develops, or is
H y p o n a s t i c  g r o w t h  R u m e x • 6 1
F ig  11 . Model describing the hormonal regulation of submergence-induced hyponastic growth of R.
palustris petioles. The Boolean AND operator in the model indicates that both input conditions have
to be met to generate the output. Arrows represent stimulation, bars inhibition. Dashed lines are
hypothesized regulatory steps. 
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already present, across the petiole base.Together these changes lead to the onset
of differential cell elongation and hyponastic growth. At this point, it is not
clear what growth-regulating factors create the asymmetry across the petiole
base, or how this is brought about.We do know that the expansin genes tested
are probably not expressed differentially in response to submergence (Fig. 10).
Possible candidates are an asymmetric distribution of auxin sensitivity, or a
differential distribution of cell wall loosening factors other than the expansins
we examined. We propose that abscisic acid and gibberellins modulate the
hyponastic response. Ethylene has been shown previously to decrease the
concentration of the growth inhibitor ABA (unpublished results Benschop et
al.), and this decline probably determines the speed of the hyponastic growth
process. GAs positively influence the speed of hyponastic growth, possible via
an interaction with auxin.
A c k n o w l e d g e m e n t s  
We would like to thank Henri Groeneveld for providing the cross section
of a R. palustr is petiole and Yvonne de Jong - van Berkel, Rob Welschen and
Ingabritt Carlsson (Umeå Plant Science Centre, Sweden) for technical
assistance. Maarten Terlou (Image Analysis Department, Faculty of Biology,
Utrecht University) developed the image analysis macro and Ronald van Trigt
(Faculty of Pharmacy, Utrecht University) and Wim Huibers designed the
computerized digital camera system. Frank Millenaar, Robert Vreeburg, Joris
Benschop, Danny Tholen and Jordi Bou developed the method to calculate
the change in angle caused by the differential increase in epidermal cell length
along the ab- and adaxial petiole surface. This work was supported by a
PIONIER grant (800.84.470) from the Dutch Science Foundation (NWO).
6 2 • C h a p t e r  3
 hfdst•03  01-03-2004  15:07  Pagina 62
Chapter  4
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curvature  a re  independent
processes  in  submerged  
Rumex  pa lus t r i s pet io les
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A b s t r a c t
The flooding-tolerant species Rumex palustr is (Sm.) responds to complete submergence
with ethylene-induced stimulation of petiole elongation.We examined the involvement of auxin
in this process, and found a submergence-induced increase in endogenous indole-3-acetic acid
(IAA) concentration in the outer cell layers of the petiole, on both the ab- and the adaxial side.
This localized accumulation probably resulted from a symmetrical lateral redistribution of auxin
towards these outer layers of the petiole, and correlated with the kinetics of the elongation
response. Manipulation of auxin levels in the petiole by removing the leaf blade, or by the
addition of synthetic auxins or auxin transport inhibitors, showed that auxin is required for all
stages of submergence-induced petiole elongation in R. palust r i s . Detailed kinetic analysis
revealed a transient effect of removing the auxin source, explaining why no role for auxin could
be identified in earlier studies when less frequent measurements were taken. We showed
previously that the onset of stimulated petiole elongation depends on a more upright petiole
angle being reached by means of hyponastic (upward) curvature, a differential growth process
that is also regulated by ethylene and auxin.We now show that the action of ethylene and auxin
in promoting petiole elongation under water is independent of the promoting effect these
hormones also exert on hyponastic curvature of the same petiole.
I n t r o d u c t i o n
Plants growing in river floodplains are regularly confronted with
complete submergence. One of the main stresses imposed by submergence is
impeded gas exchange between the plant and the atmosphere, due to the slower
diffusion of gases in water compared to air (Jackson & Ram, 2003).This slower
gas exchange can lead among others to a deficiency of oxygen and an
accumulation of ethylene (reviewed in Voesenek & Blom 1999).
The submergence-tolerant species Rumex palustris (Sm.) is characterized
by two important growth responses upon complete submergence that enable
the leaves to restore contact with the atmosphere, thus normalizing gas
exchange.These two responses are hyponastic (upward) re-orientation of the
petioles (Voesenek & Blom, 1989a; Banga et al., 1997, Chapter 2) and
stimulation of petiole elongation (Voesenek & Blom, 1989a; Peeters et al.,
2002;Voesenek et al., 2003).We have shown an interaction between hyponastic
growth and stimulated petiole elongation in submerged R. palustr is petioles
(Chapter 2). Kinetic studies revealed that the onset of stimulated petiole
elongation depends on the petiole reaching a certain threshold angle (40 to
50 degrees with the horizontal) by hyponastic growth, a process involving the
temporary establishment of faster rates of cell extension on the basal abaxial
surface compared to the adaxial surface. In R. palustr is, this differential growth
is initiated by elevated ethylene levels and requires the co-operative action of
auxin (Chapter 3). Stimulated petiole elongation in R. palustr is is distributed
almost equally along the petiole and is mainly the result of cell elongation
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(Voesenek et al., 1990).This faster elongation is an avoidance mechanism for
submergence, and the stimulatory role of the gaseous plant hormone ethylene
in this response has been described for several semi-aquatic species, including
R. palustr is (reviewed in Jackson 1985;Voesenek & Blom, 1999).
Earlier work has shown that, together with ethylene, auxin also plays an
important role in submergence-induced elongation responses of several semi-
aquatic and aquatic plant species, such as Hydrochar is morsus-ranae (Cookson
& Osborne, 1978), Nymphoides peltata (Malone & Ridge, 1983), Ranunculus
sceleratus (Horton & Samarakoon, 1982) and Regnellidium diphyllum (Walters
& Osborne, 1979). Synthesis of the natural auxin indole-3-acetic acid (IAA)
is high in the shoot apex and young developing leaves, but slower rates of IAA
synthesis can occur in all parts of the plant (Ljung et al., 2001). Regulation of
optimal auxin concentrations is important during plant growth, with the leaves
acting as a major source of auxin for other plant parts (Ljung et al., 2001).
There are two mechanisms by which IAA is transported through the plant.
Polar auxin transport (PAT) is a directional transport via auxin influx- and
efflux carriers in specific cell types, which in the shoot runs basipetally from
the apex towards the base (reviewed in Friml & Palme, 2002). Auxin can also
be transported in the phloem, and this transport pathway is non-directional
and faster than PAT (Baker, 2000; reviewed in Vogler & Kuhlemeier, 2003).
Previous research did not show involvement of auxin in petiole
elongation of R. palustr is after 48 h of submergence. Pre-treatment with the
auxin transport inhibitor naphthylphtalamic acid (NPA), or removal of the leaf
blade (a putative source of auxin), did not affect petiole length when this was
measured after 48 h of submergence (Blom et al., 1994, Rijnders et al., 1996).
However, since growth was measured over several days, it remained possible
that transient effects of these manipulations had been overlooked. Accordingly,
we embarked on a more detailed study on the involvement of auxin in
stimulating petiole elongation in submerged R. palust r i s . The work gained
further impetus from our recent finding that petiole elongation in submerged
R. palustr is depends on a threshold petiole angle being reached by hyponastic
curvature (Chapter 2), a process that also requires both ethylene and auxin
(Chapter 3). We utilized a computerized digital camera system that allowed
simultaneous time-lapse measurements of both length and angle of the same
petiole of individual plants. This approach enabled us to identify a role for
auxin throughout ethylene-mediated, submergence-induced petiole elongation
in R. palustr is. Furthermore, we showed that the action of ethylene and auxin
in promoting petiole elongation was independent of the effect these hormones
exert on hyponastic curvature of the petiole under submerged conditions.
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M a t e r i a l s  a n d  M e t h o d s
P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s
Rumex palustr is (Sm.) plants were grown as described in Chapter 2. In
all experiments, the petiole of the third oldest leaf of 27 d old plants was
studied. It was shown previously that at this developmental stage the petiole
exhibited strong elongation growth upon submergence (Banga et al., 1997;
Chapter 2). Plants were selected for similarity of developmental stage and
length of the third petiole.
C o m p u t e r i z e d  d i g i t a l  c a m e r a  s y s t e m  
The length of the third oldest petiole of intact R. palustr i s plants was
measured using a computerized digital camera system as described in Chapter
2.To enable continuous photography, experiments were made in continuous
light, except for 48 h experiments (Fig. 1B) in which a night period of 8 h
was included. Plants were marked and prepared for the camera system as
described in Chapter 2. All experiments started between 08.00 h and 10.00 h
when the plants were 27 d of age.
Given the effect that the angle exerts on the kinetics of petiole
elongation (Chapter 2), it was important to compare plants with a similar initial
petiole angle. Since hormone/inhibitor pre-treatment changed this initial
angle, it was not possible to compare elongation kinetics of pre-treated and
not pre-treated plants within one experiment.Therefore, in all experiments,
we compared the elongation kinetics of hormone/inhibitor pre-treated plants
with those of submerged plants without hormone/inhibitor treatment that
had a similar initial petiole angle, obtained from separate experiments.
S u b m e r g e n c e  t r e a t m e n t
Plants were submerged as described in Chapter 2.
A n g l e  m a n i p u l a t i o n
Experiments in which the petiole angle was manipulated took place in
open glass cuvettes (15.0   17.5   29.0 cm), fitted with a metal ring holding
each pot.This ring could be tilted to position the petiole at any chosen angle
with respect to the horizontal. Following this manipulation, the petiole could
move freely.
E t h y l e n e  a n d  1 - M C P  t r e a t m e n t
Treatment with ethylene and 1-methylcyclopropene (1-MCP) took place as
described in Chapter 3.
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R e m o v a l  o f  t h e  l e a f  b l a d e  a n d  a u x i n  t r e a t m e n t
De-blading and auxin treatment took place as described in Chapter 3.
I m a g e  a n a l y s i s
Petiole length was measured on digital photographs as described in
Chapter 2, as the distance between the basal mark and the apical mark along
the adaxial surface. For all time points, the increase in petiole length compared
to the start of the treatment (t=0) was calculated.
A n a l y s i s  o f  e n d o g e n o u s  I A A  c o n t e n t
Three different parts of the petiole were sampled: (1) intact petiole, (2)
ab- and adaxial halves of the petiole along the entire length, and (3) ab- and
adaxial fragments of the petiole, consisting of the outer cells layers (epidermis
and cortical cells; 20-30 % of petiole) along the entire length for both surfaces.
The endogenous indole-3-acetic acid (IAA) concentration was determined as
described in Chapter 3.
S t a t i s t i c a l  a n a l y s i s
The lag-phase that precedes submergence-induced petiole elongation
was calculated as described in Chapter 2. The elongation lag-phase and the
end value for petiole elongation after 16 h were compared between treatments
using a one-way analysis of variance and a Bonferroni’s posthoc test (Fig. 1, 2
and 3) or an independent samples t-test (Fig. 4) using the program SPSS
version 10 (SPSS inc., Chicago).
R e s u l t s
S u b m e r g e n c e  s y m m e t r i c a l l y  i n c r e a s e s  t h e  I A A
c o n c e n t r a t i o n  i n  t h e  o u t e r  c e l l  l a y e r s  o n  t h e  a b -  a n d
a d a x i a l  s i d e  o f  t h e  p e t i o l e
We determined the effect of submergence on the IAA concentration in
intact petioles, and in more localized petiole regions (Table I). Submergence
for 2 or 4 h did not affect the IAA concentration of intact petioles, nor that
of ab- and adaxial petiole halves. However, when looking in more detail at
the outer cell layers of both the ab- and the adaxial petiole surface, we did
find a symmetrical submergence-induced increase in IAA concentration after
4 h in these more localized regions.
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R e m o v a l  o f  t h e  l e a f  b l a d e  d e p l e t e s  a u x i n  l e v e l s  i n  t h e
p e t i o l e  a n d  d e l a y s  s u b m e r g e n c e - i n d u c e d  p e t i o l e
e l o n g a t i o n
Removal of the leaf blade caused endogenous indole-3-acetic acid (IAA)
concentrations in the petiole to decrease strongly under both control and
submerged conditions (Chapter 3), an effect that was apparent within 2 h of
blade excision and sustained for up to 24 h.To investigate the effect of auxin
depletion on petiole elongation, the leaf blade of the third petiole was removed
at the start of submergence. This lengthened the lag-phase that precedes
stimulated petiole elongation by 7 h (from 1.5 h to 8.5 h, Fig. 1A; P<0.01).
In intact leaves, the start of petiole elongation is dependent upon a threshold
petiole angle being reached by means of hyponastic growth (Chapter 2).
Removal of the leaf blade, however, also strongly delayed the onset of this
differential growth process in submerged plants (Chapter 3), thus raising the
possibility that the longer lag-phase of elongation was the outcome of slower
hyponasty. To test this possibility a tilting treatment was given in which an
angle of 80 degrees from the horizontal was imposed at the onset of
submergence (Fig. 1A). This is the maximum angle that is reached by
hyponastic growth and manipulation to this angle ensured that the threshold
for petiole elongation was reached at the start of treatment.These tilted petioles
without a leaf blade still showed a delay in submergence-induced elongation
that was identical to that of non-tilted petioles without a leaf blade (Fig. 1A).
Thus the longer lag-phase for elongation caused by leaf blade excision was
not the result of its impact on hyponasty.
To test if there was an inhibiting effect of de-blading even after petiole
elongation had started, the leaf blade was removed 6 or 24 h into a
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Table I. Endogenous indole-3-acetic acid (IAA) concentration (pg/mg fresh weight) in different
regions of the third oldest petiole of R. palustris plants (27 d old) in air or submerged.
The IAA concentration was determined in intact petioles, in petioles that were cut in half
longitudinally along the entire length, and in ab- and adaxial fragments along the entire length of
the petiole (these fragments both comprised approximately 20-30 % of the total fresh weight of the
petiole). Data are means of 4-6 replicate plants (standard error between brackets). Means were
compared per petiole region and per treatment; means with different letters are significantly different
(P<0.05).
Air Submergence
0 h 2 h 4 h 0 h 2 h 4 h
intact 24 (3)a 20 (1)a 21 (2)a 24 (3)a 25 (4)a 19 (4)a
Abaxial half 18 (5)a 18 (3)a 13 (1)a 18 (5)a 17 (3)a 16 (1)a
Adaxial half 17 (2)a 23 (3)a 21 (3)a 17 (2)a 25 (5)a 19 (4)a
Abaxial fragment 15 (1)a 15 (1)a 15 (1)a 15 (1)a 15 (1)a 25 (2)b
Adaxial fragment 20 (1)a 17 (1)b 18 (1)a 20 (1)a 18 (1)a 25 (3)b
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submergence treatment. Delaying leaf blade excision until after 6 h of
submergence resulted in an immediate arrest of the already started elongation
(Fig. 1B). However, 24 h later, elongation of these petioles had returned to
the level of intact submerged petioles. It is notable that once elongation began
again, its rate was at least as fast as that recorded for intact submerged plants.
Removing the leaf blade after 24 h of submergence had a similar effect (Fig.
1B). This experiment also revealed that the longer elongation lag phase
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F igure  1 . Effect of leaf blade removal (indicated by arrows in B) on submergence-induced elongation
of the third oldest petiole of R. palustris plants (27 d old). The third leaf blade was removed: (A) at
the start of a 16 h treatment; (B) after 0 h, 6 h or 24 h of a 48 h submergence treatment. Orientation
of the petiole was not manipulated manually, except in (A) where the treatment involved adjusting
the petiole to an angle of 80 degrees with the horizontal at the start of submergence. Data are means
of 4 replicate plants for (A) and 3 replicate plants for (B). Mean standard error never exceeded 0.3
mm for (A) and 0.5 mm for (B). Lag-phase for stimulated petiole elongation (A): 1.5 h (SE 0.2 h) for
intact submerged, 8.5 h (SE 1.2 h) for - leaf blade submerged, and 6.7 h (SE 0.9 h) for - leaf blade
submerged 80 degrees. Black boxes in (B) represent the night period. 
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resulting from removing the leaf blade at the start of submergence had only a
short-lived effect on petiole growth. By the following day, total extension
achieved underwater was indistinguishable from that of intact leaves (Fig. 1B).
S y n t h e t i c  a u x i n s  c a n  r e s c u e  e l o n g a t i o n  i n  s u b m e r g e d
p e t i o l e s  w i t h o u t  a  l e a f  b l a d e
The delay in elongation of submerged petioles caused by removing the
leaf blade at the start of the experiment could be rescued by submerging plants
7 0 • C h a p t e r  4
F i g u re  2 . Petiole elongation of R. palustris plants (27 d old) without the third oldest leaf blade
(removed at the start of treatment) exposed to air (same line as in Figure 1A), submerged in tap water
(same line as in Figure 1A) or submerged in a solution containing (A) 5.10-6 M 2,4-dichlorophenoxy
acetic acid (2,4-D); or (B) 10-5 M 1-naphtalene acetic acid (NAA). Intact plants were exposed to air or
submerged in tap water. Data are means of 4 replicate plants. Mean standard error never exceeded
0.4 mm for (A) and 0.3 mm for (B). Lag-phase for stimulated petiole elongation: (A) 1.7 h (SE 0.4 h)
for intact submerged, 8.5 h (SE 1.2 h) for - leaf blade submerged, 2.2 h (SE 0.5 h) for - leaf blade 2,4-
D; (B) 1.5 h (SE 0.2 h) for intact submerged, 8.5 h (SE 1.2 h) for - leaf blade submerged, 1.8 h (SE 0.5
h) for -leaf blade NAA.  
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in a solution of 2,4-dichlorophenoxy acetic acid (2,4-D) or 1-naphtalene acetic
acid (NAA). Figure 2A shows that submergence in 2,4-D restored the
elongation lag-phase of petioles without a leaf blade to that of petioles with a
leaf blade attached (approximately 2 h). Moreover, submergence in 2,4-D had
a dramatic promoting effect on elongation by de-bladed petioles, which was
approximately 3 times faster compared to intact submerged petioles (P<0.01;
Fig. 2A).The synthetic auxin NAA also restored the elongation lag-phase of
petioles without a leaf blade to the level of intact submerged petioles (Fig.
2B). NAA, in contrast to 2,4-D, did not raise elongation above that of intact
submerged plants (Fig. 2B). Submergence of plants without the leaf blade in a
solution of gibberellin3 (GA3) or 1-aminocyclopropane-1-carboxylic acid
(ACC), or treatment with 5 µL L-1 ethylene in air, did not shorten the excision-
induced lag-phase or restore petiole elongation to the level of intact submerged
plants (data not shown).
T h e  d e l a y  i n  s u b m e r g e n c e - i n d u c e d  p e t i o l e  e l o n g a t i o n
c a u s e d  b y  a n  i n h i b i t o r  o f  a u x i n  e f f l u x  c a n  b e  r e s c u e d  b y
s y n t h e t i c  a u x i n s
Treatment with the auxin efflux inhibitor naphthylphtalamic acid (NPA)
almost doubled the lag-phase for submergence-induced petiole elongation
compared to that of submerged plants without NPA (P<0.05; Fig. 3).The delay
in the onset of stimulated elongation caused by NPA could be overcome by
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F i g u re  3 . Effect of naphthylphtalamic acid (NPA) and 1-naphtalene acetic acid (NAA) or 2,4-
dichlorophenoxy acetic acid (2,4-D) on submergence-induced elongation of the third oldest petiole of
intact R. palustris plants (27 d old).  Pre-treated plants were submerged in 2.5.10-5 M NPA with or
without 10-5 M NAA or 5.10-6 M 2,4-D. Data are means of 3-8 replicate plants. Mean standard error
never exceeded 0.2 mm. Lag-phase stimulated petiole elongation: 2.6 h (SE 0.2 h) for submerged, 4.8
h (SE 0.5 h) for NPA, 1.6 h (0.3 h) for NPA + NAA, 1.7 h (SE 0.1 h) for NPA + 2,4-D. 
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NAA or 2,4-D (Fig. 3). 2,3,5-triiodobenzoic acid (TIBA), another inhibitor
of the auxin efflux carrier, inhibited the lag-phase in a similar fashion as NPA,
although the effect of TIBA was generally weaker (data not shown). 1-
naphthoxyacetic acid (1-NOA), an inhibitor of the auxin influx carrier, was
tested at a number of concentrations (3.10-5 M, 1.10-4 M), but did not affect
the kinetics of submergence-induced petiole elongation (data not shown).
7 2 • C h a p t e r  4
F i g u re  4 . The role of ethylene in submergence-induced elongation of the third oldest petiole of
intact R. palustris plants (27 d old). (A) Plants were exposed to air, submerged in tap water or exposed
to a continuous flow of 5 µL L-1 ethylene. (B) Plants were pre-treated with 1 µL L-1 1-
methylcyclopropene (1-MCP) for 3 h in closed cuvettes, and subsequently exposed to air or submerged
in tap water. Orientation of the petiole was not manipulated manually, except in (B) where an angle
of 65 degrees to the horizontal was established at the start of submergence. Data are means of 3-8
replicate plants. Mean standard error never exceeded 0.3 mm for (A) and 0.2 mm for (B). Lag-phase
stimulated petiole elongation: (A) 2.0 h (SE 0.6 h) for submerged, 2.1 h (SE 0.1 h) for ethylene; (B)
1.7 h (SE 0.4 h) for submerged.
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E t h y l e n e  i s  e s s e n t i a l  f o r  s u b m e r g e n c e - i n d u c e d  p e t i o l e
e l o n g a t i o n
A continuous supply of 5 µL L-1 ethylene to non-submerged R. palustr is
stimulated elongation of the third petiole compared to plants in air (Figure
4A). Ethylene-induced petiole elongation was more pronounced than that
induced by submergence. After 16 h, ethylene-treated petioles were almost
twice as long as submerged petioles (P<0.05). However, the lag-phase of
petiole elongation (2 h) was similar for both ethylene and submergence
treatment (Fig. 4A).
Pre-treatment of plants with the ethylene perception inhibitor 1-
methylcyclopropene (1-MCP; 1 µL L-1) for 3 h completely inhibited
submergence-induced petiole elongation during the 16 h of treatment (Figure
4B). Submergence of non-treated plants resulted in an increase in petiole
length of approximately 2 mm over 16 h, whereas the elongation of 1-MCP
pre-treated submerged petioles did not differ from that of petioles in air (Fig.
4B). Because hyponasty requires ethylene, the lack of elongation in 1-MCP-
treated plants could have been caused by the absence of hyponastic growth
(Chapter 3) and thus by the absence of the appropriate petiole angle required
for petiole elongation.To test this we tilted 1-MCP pre-treated plants to 65
degrees at the start of submergence.This angle is sufficiently upright for petiole
elongation to take place (Chapter 2). However, this manipulation did not result
in a stimulation of petiole elongation in 1-MCP pre-treated plants (Fig. 4B),
demonstrating that ethylene directly affects elongation growth, rather than
working via the angle of the petiole.
D i s c u s s i o n
The digital camera system used in this study allowed us to examine the
role of the plant hormones auxin and ethylene in submergence-induced petiole
elongation of Rumex palus t r i s in much more detail than was possible in
previous studies. Using this method, we showed already that the onset of
stimulated petiole elongation upon submergence depends on a certain petiole
angle being reached via the process of hyponastic growth (Chapter 2). Since
both ethylene and auxin have also been implicated in this hyponastic growth
(Chapter 3), an important goal of the present work was to establish if this pair
of hormones exerted their promoting influence on petiole extension through
angle adjustment or whether they also possessed a distinctly separate and direct
effect on petiole elongation per se.
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A u x i n  i s  a c t i v e  d u r i n g  a l l  s t a g e s  o f  s u b m e r g e n c e - i n d u c e d
p e t i o l e  e l o n g a t i o n
We found a localized increase in endogenous IAA concentration in the
outer cell layers of both the ab- and the adaxial side of R. palustr is petioles
between 2 and 4 h of submergence (Table I). No increase in IAA concentration
was found in intact submerged petioles, or in ab- and adaxial petiole halves,
indicating that this growth regulator was symmetrically redistributed in a
lateral direction in the petiole upon submergence. The onset of petiole
elongation corresponded with the increase in auxin concentration.Therefore,
it seems likely that the higher auxin content along the ab- and the adaxial side
of submerged petioles plays a role in the induction of cell elongation in these
regions, leading to non-differential petiole elongation. Morelli & Ruberti
(2000, 2002) proposed a model for elongation of shaded hypocotyls involving
the lateral distribution of auxin from the vasculature to the epidermal and
cortical cells. It is possible that a similar mechanism takes place in submerged
R. palust r i s petioles, resulting in a larger amount of IAA in the outer cell
layers. Thus, it might be that auxin regulates elongation in a similar way in
response to shading and submergence.
The decline in petiole IAA resulting from removal of the leaf blade (see
Chapter 3) coincided with a dramatic effect on the kinetics of submergence-
induced petiole elongation. The elongation lag-phase of petioles without a
leaf blade (removed at the start of the experiment) was delayed by
approximately 7 h compared to intact submerged plants (Fig. 1A; P<0.01),
indicating that the presence of auxin is an important prerequisite for the onset
of petiole elongation. However, Figure 1A shows that elongation of submerged
petioles without a leaf blade did eventually start, even though the endogenous
IAA concentration of the petiole was still low (Chapter 3). It is possible that
the submergence-induced redistribution of auxin to the outer cell layers still
took place in de-bladed petioles, but at a much slower rate due to the lack of
the auxin source (leaf blade).This would explain why petiole elongation did
eventually start after an initial delay.
The dependency of submergence-induced petiole elongation on auxin
shown by the experiments described above was confirmed by studies over a
longer time period during which the leaf blade was removed at different time
points after the onset of submergence (Fig. 1B). Removal of the leaf blade
when the petiole was already elongating, resulted in a transient arrest of petiole
elongation which was restored to the elongation level of intact petioles
approximately 24 h after leaf blade excision (Fig. 1B). The time between
removal of the leaf blade and restoration of the elongation level to that of
intact plants was similar when the leaf blade was removed after 6 h or 24 h.
This suggests that the higher auxin concentration in the outer cell layers along
7 4 • C h a p t e r  4
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both surfaces can only be sustained throughout submergence when a
continuous supply of auxin is present.The delay in elongation upon removal
of the auxin source can be explained by the time it takes for auxin
redistribution in the petiole to be (re)- established.
It can be concluded that the dependency of stimulated petiole elongation
on auxin remains during the entire elongation response, and is not only
restricted to the onset of the process. Figure 1 helps to explain why in previous
studies on submergence-induced petiole elongation (Rijnders et al., 1996) no
role was found for auxin. In these previous studies the leaf blade was removed
at the start of submergence and petiole elongation was only measured after
48 h of submergence. Since the effect of leaf blade removal is transient (Fig.
1B) it is not surprising that no effect was observed after 48 h.
Removal of the leaf blade is a crude treatment in that it can also
influence the transport of other substances important in growth and
developmental processes in the plant.The excision experiments alone do not
necessarily point to the decline in IAA as the cause of the growth inhibition
that removal of the leaf blade brings about. However, we also showed that the
delayed onset of stimulated petiole elongation in submerged petioles without
a leaf blade could be rescued by the addition of the synthetic auxins NAA or
2,4-D (Fig. 2). Gibberellin3, ACC and ethylene could not rescue the delay in
petiole elongation (data not shown). Taken together, these results strongly
implicate auxin in the effect of leaf blade removal, and indicate the importance
of auxin in submergence-induced petiole elongation.
A u x i n  t r a n s p o r t  t o  t h e  p e t i o l e
We studied the role of PAT in the submergence-induced elongation
response of R. palustr is petioles using synthetic inhibitors of the influx- and
the efflux carrier. Naphthylphtalamic acid (NPA), which is an efflux carrier
inhibitor, almost doubled the lag-phase of submergence-induced petiole
elongation (Fig. 3).The delay in the lag-phase of petiole elongation caused by
NPA could be rescued by either of the synthetic auxins we tested (Fig. 3).The
rescue with 2,4-D of NPA-treated petioles was expected since this synthetic
auxin is taken up by the influx carrier, but is not a substrate for the efflux
carrier (Delbarre et al., 1996). In contrast, NAA enters the cell by passive
diffusion (Delbarre et al., 1996) and is secreted by the efflux carrier, which is
blocked in NPA-treated plants. Thus, the ability of NAA to overcome the
NPA-induced delay in underwater elongation was not anticipated. The
explanation for this unexpected result may be that NPA-treated petioles were
surrounded by a solution containing NAA, and the elongating cells were able
to take up NAA from the medium by diffusion, thus bypassing active auxin
transport. Since petiole elongation is a non-differential growth process
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(Voesenek et al., 1990), this accumulation of NAA did not disturb any
differential growth gradients across the petiole base like it did in the hyponastic
response (Chapter 3), but resulted in a stimulation of overall petiole elongation
(Fig. 3).
NAA and 2,4-D were equally effective in restoring the elongation
kinetics of submerged petioles treated with NPA (Fig. 3). However, this was
not the case when these auxins were used in attempts to overcome the effect
of leaf blade excision (Fig. 2).While applying 2,4-D resulted in a much faster
elongation compared to intact submerged petioles, NAA merely restored the
elongation rate back to that of intact submerged petioles. It is known that 2,4-
D is a much more effective synthetic auxin than NAA. Nutman & Thornton
(1945) and Slade et al. (1945) showed that approximately 20 times less 2,4-D
than NAA was needed to achieve the same effect on plant growth. 2,3,5-
triiodobenzoic acid (TIBA), a second inhibitor of the auxin efflux carrier,
influenced petiole elongation in a similar manner to NPA, although the effect
was less pronounced (data not shown). An inhibitor of the influx carrier, 1-
naphthoxyacetic acid, (1-NOA), had no influence on submergence-induced
petiole elongation.
A u x i n  d o e s  n o t  s t i m u l a t e  p e t i o l e  e l o n g a t i o n  v i a  t h e
i n t e r a c t i o n  b e t w e e n  h y p o n a s t i c  g r o w t h  a n d  p e t i o l e
e l o n g a t i o n
In addition to delaying submergence-induced petiole elongation,
removing the leaf blade at the start of submergence also delays the onset of
hyponastic growth (Chapter 3). Given the recently discovered interaction
between hyponastic growth and petiole elongation in submerged R. palustr is
petioles (Chapter 2), we explored whether auxin stimulates petiole elongation
via its influence on hyponastic growth. A petiole angle higher than 40-50
degrees from the horizontal is required for submergence-induced petiole
elongation to start (Chapter 2). However, imposing an angle of 80 degrees in
a tilting experiment still failed to illicit a prompt elongation response in auxin-
depleted petioles (brought about by removal of the leaf blade) (Fig. 1).This
indicates that the influence of auxin on petiole elongation under water is
independent of its effect on hyponastic growth and petiole angle.
E t h y l e n e
Treatment of R. palust r i s with ethylene promoted petiole elongation
(Fig. 4A), a result consistent with earlier findings (Voesenek & Blom, 1989a;
Banga et al., 1997). However, in the present study, ethylene had a stronger
effect on petiole elongation than did submergence (Fig. 4).This is in contrast
to previous studies in the same species where ethylene could induce only
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approximately 70 % of the submergence response (Voesenek & Blom, 1989a;
Voesenek et al., 1997). This difference may have arisen because petioles of
different developmental stages were studied. In the present work, the third
oldest petiole of 27 d old plants was used, and in previous studies the fifth
oldest petiole from plants of this age. Horton (1992) also observed a
developmental difference in response to ethylene between young and older
leaves of Ranunculus pygmaeus.
E t h y l e n e  r e q u i r e m e n t  f o r  p e t i o l e  e l o n g a t i o n  d u r i n g
s u b m e r g e n c e  i s  i n d e p e n d e n t  o f  i t s  r o l e  i n  h y p o n a s t i c
g r o w t h  
The role of ethylene in submergence-induced petiole elongation in R.
palustr is has been extensively documented (Voesenek & Blom, 1989a; Banga
et al., 1997). However, previous studies on the involvement of ethylene in this
species have not taken into account that petiole elongation can only start when
a certain angle of the petiole has been reached (Chapter 2), and that ethylene
plays a role in achieving this angle through stimulating hyponastic growth
(Chapter 3). In the present work, we uncoupled ethylene action in each of
these events as follows. Ethylene is an important factor responsible for
stimulated petiole elongation under water, since submerged plants pre-treated
with the ethylene perception inhibitor 1-MCP do not show petiole elongation
(Fig. 4B). However, 1-MCP also strongly delays hyponastic growth (Chapter
3). Therefore, ethylene could either stimulate petiole elongation itself, or
establish the appropriate angle necessary for the onset of elongation by means
of stimulating hyponasty.We tested this using plants pre-treated with 1-MCP
which were manipulated to an angle higher than the threshold petiole angle
for elongation. However, 1-MCP still inhibited underwater elongation to the
same extent in these plants, indicating that ethylene can act to promote petiole
extension independently of its effect on petiole angle.
C o n c l u s i o n s
In this study we show, for the first time, an important role for auxin in
submergence-induced petiole elongation in R. palustr is. Submergence causes
a symmetrical lateral redistribution of auxin to the outer cell layers of the
petiole, and this localized increase in auxin in these regions correlates with
the timing of stimulated petiole elongation. Additionally, we present evidence
that the paired actions of ethylene and auxin on hyponastic curvature and on
straight petiole extension are independent processes. We conclude that
submergence-induced elongation of R. palust r i s petioles starts when two
input conditions have been met.The first is a submergence signal, thought to
be an increase in internal ethylene brought about by water entrapment.The
P e t i o l e  e l o n g a t i o n  R u m e x • 7 7
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second is the co-operative action of this ethylene with endogenous auxin to
induce an upright orientation (40-50 degrees from the horizontal) by means
of hyponastic growth. Only when this angle is achieved are ethylene and auxin
then able to stimulate petiole extension along its entire length and realize the
submergence escape.
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Chapter  5
Hyponast i c  g rowth  in  Arab idops i s
tha l iana access ions  in  response  to  
e thy lene ,  submergence  and  shad ing  
F r a n k  F.  M i l l e n a a r,  M a r j o l e i n  C . H .  C o x ,  Yv o n n e  E . M .  d e  J o n g  v a n
B e r k e l ,  L a u r e n t i u s  A . J . C .  Vo e s e n e k  &  A n t o n  J . M .  P e e t e r s
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A b s t r a c t
Plants have the capacity to move their organs in response to changes in environmental
conditions. We show here that ethylene treatment induced rapid hyponastic (upward) leaf
movement in Arabidopsis thaliana, and that a continuous treatment with ethylene was needed
to maintain the upright petiole orientation. Considerable variation in the hyponastic response
existed among the nine accessions studied.The accession Columbia-0 (Col-0) showed a strong
increase in petiole angle upon ethylene treatment, whereas the hyponastic response of Landsberg
erecta (Ler) was weak. Spectral neutral shading also induced hyponastic growth, and both Col-
0 and Ler showed a strong response.This indicates that Ler possesses all the components necessary
for hyponasty, and that a strong response can be triggered by low-light, but not by ethylene.
There was no additive effect of applying both ethylene and shading in both accessions, suggesting
that parts of the signal transduction pathways leading from ethylene or a low-light signal to
hyponastic growth converge. Additionally, we found that ethylene serves as an important signal
in inducing hyponastic growth during submergence in the accession Col-0, but not in Ler.
I n t r o d u c t i o n
Plants are confined to their environment and have to adapt to a broad
range of conditions. However, they have the capacity to optimize the
orientation of individual organs in response to changes in their environment.
One of these types of organ movements is hyponastic (upward) growth, which
results from faster elongation on the abaxial side of the plant organ. Epinastic
(downward) growth curvatures are also widespread, and are caused by faster
cell elongation on the adaxial side of the plant organ (Kang, 1979). Examples
of environmental factors that induce these differential growth processes in a
range of species are: submergence (Chapter 3; Voesenek & Blom, 1989a),
shading (Ballaré, 1999; Clúa et al., 1996; Gautier et al., 1997; Pierik et al.,
2003;Vandenbussche et al., 2003), drought stress (Oosterhuis et al., 1985) and
cold temperatures (Nilsen, 1991).
Submergence is an abiotic stress that has a dramatic impact on wild plants
and crops worldwide. An important strategy of submergence-tolerant plants is
the so-called escape mechanism, which brings the leaf above the water surface
and re-establishes contact with the atmosphere (reviewed in Ridge, 1987).
When species like Caltha palustr is , Ranunculus repens , Rumex palustr is , or
Leontodon taraxaco ides are subjected to submergence, the orientation of
petioles and leaf blades changes from almost horizontal to more vertical (Ridge
1987;Voesenek & Blom, 1989a; Grimoldi et al., 1999). In R. palust r i s , this
hyponastic growth is accompanied by enhanced petiole elongation, and both
processes are ethylene-driven (Chapter 3, 4;Voesenek & Blom, 1989a). The
kinetics of submergence-induced hyponastic growth in R. palust r i s depend
on the orientation of the petiole at the start of the experiment, with higher
initial petiole angles resulting in a longer lag-phase of hyponastic growth
(Chapter 2).
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Ethylene not only plays a major role in submergence-induced hyponasty,
it is also involved in shading-induced hyponastic growth, for example in
Nicotiana tabacum (Pierik et al., 2003). In Arabidopsis thaliana, ethylene has
also been implicated in the establishment of a more upright leaf orientation
in response to shading (Vandenbussche et al., 2003). However, prolonged
treatment during leaf development was necessary to induce these higher leaf
angles in A. thal iana , indicating that this response is probably not based on
the same mechanism as the rapid submergence-induced hyponastic growth in
R. palust r i s , which takes place within a few hours after the start of
submergence (Chapter 2).
The stimulatory effect of ethylene on non-differential growth under
water (reviewed in Voesenek et al., 2003) is in contrast with the growth-
inhibiting role of this plant hormone that is more generally observed in non-
aquatic species (Smalle & Van Der Straeten, 1997). However, there are also
some examples of ethylene having a positive effect on elongation in terrestrial
plant species. For example, hypocotyl growth of A. thaliana seedlings in the
light, grown on a low nutrient medium, can be stimulated by ethylene (Smalle
et al., 1997). Additionally, an ethylene concentration slightly higher than
ambient can stimulate leaf growth rate in some Poa species (Fiorani et al.,
2002).
Considerable variation in a number of traits has been found among
accessions of the widely used model species A. thal iana (for example in
phytochrome-mediated shade avoidance; Botto & Smith, 2002; and in seed
dormancy behaviour; Alonso-Blanco et al., 2003). In this study, we explored
if ethylene was able to induce rapid hyponastic growth and stimulated petiole
elongation in A. thaliana, like it did in R. palustr is.Additionally, we examined
if natural variation existed in these growth responses among accessions of A.
thal iana .We selected nine accessions on the basis of availability of hormone
mutants and recombinant inbred lines in the selected accession backgrounds,
to facilitate future studies into the hormonal/genetic regulation of hyponastic
growth and elongation in A. thaliana.We found that ethylene treatment hardly
resulted in stimulated petiole elongation. However, considerable variation
existed in the hyponastic response to ethylene among the selected accessions.
Two opposite responding accessions (Columbia-0: strong response, and
Landsberg erecta: weak response) were selected, and they were used to examine
if hyponastic growth could also be induced by spectral-neutral shading or
submergence in A. thal iana . We found that in Columbia-0 (Col-0) both
factors were able to induce a strong hyponastic response. In Landsberg erecta
(Ler), strong hyponastic growth was observed in response to shading, but the
response to submergence was small. Thus, Ler possesses all the signal
transduction components necessary for hyponasty, and a response in this
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accession can be triggered by shading, and to a much lesser extent by
submergence or ethylene. We also showed that ethylene plays an important
role in submergence-induced hyponastic growth of Col-0 but not Ler , and
that ethylene-induced changes in petiole orientation do not depend on the
initial angle of the petiole.
M a t e r i a l s  a n d  M e t h o d s
P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s
Nine Arabidops i s  thal iana accessions were used: Bensheim-0 (Be-0,
N964), Columbia-0 (Col-0; N1092), Cape Verde Islands (Cvi, N902), Kashmir
(Kas, N903), Landsberg ere c ta (Ler ; NW20), Niederzenz-0 (Nd-0, N1390),
Rschew-1 (Rld-1, N913), Shakdara (Sha, N929) and Wassilewskija-2 (Ws-2,
N1602). Nottingham Arabidopsis Stock Center accession numbers are shown
between brackets.
Seeds were sown on moistened filter paper in sealed petri-dishes and
vernalized in the dark at 4 °C for 4 d. Subsequently, the seeds were germinated
for 4 d in a growth chamber with the following conditions: 20 °C, 70 % (v/v)
relative humidity, 9 h photoperiod: 200 µmol m-2 s-1 photon flux density.
Seedlings were transferred with a brush to pots (70 ml) containing a mixture
of potting soil and perlite (1:2, v:v), enriched with 0.14 mg MgOCaO (17 %;
Vitasol BV, Stolwijk, The Netherlands) and 0.14 mg slow-release fertilizer
(Osmocote “plus mini”; Scotts Europe bv, Heerlen,The Netherlands) per pot.
Prior to seedling transfer each pot was saturated with 20 ml nutrient solution
containing: 2.6 mM KNO3, 2.0 mM Ca[NO3]2, 0.6 mM KH2PO4, 0.9 mM
MgSO4, 6.6 µM MnSO4, 2.8 µM ZnSO4, 0.5 µM CuSO4, 66 µM H3BO3, 0.8
µM Na2MoO4 and 134 µM Fe-EDTA, pH 5.8. All chemicals were p.a. grade,
obtained from Merck (Darmstadt, Germany). Following transplantation, plants
were grown for 28 d in a growth chamber (conditions as described above).
Pots with seedlings were kept in a glass-covered tray for 4 d following
transplantation, after which they were transferred to irrigation mats
(Maasmond-Westland,The Netherlands).The mats were automatically watered
with tap water to saturation once a day (at the beginning of the light period),
and the excess water was drained. Except stated otherwise, in all experiments
petioles of 36 d old (from sowing) plants were used. We examined the
hyponastic response and elongation of a single petiole per plant.Table I shows
for each accession how many leaves the plant had at the time of the
experiment, and which leaf was examined.
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C o m p u t e r i z e d  d i g i t a l  c a m e r a  s y s t e m  
To measure changes in petiole angle and length, a custom-built
computerized digital camera system was used as described in Chapter 2. To
enable continuous photography, no dark period was included in the 24 h
experimental period. On the day before the experiment, plants were placed
singly in glass cuvettes (15.0   17.5   29.0 cm) with the petiole of study
perpendicular to the axis of the camera.To facilitate measurement, leaves that
were obscuring the petiole base were removed. Additionally, the petiole was
marked at the petiole/lamina junction with drawing ink.The number of leaves
per plant, and the leaf number of the marked petiole were recorded (Table I).
Counting started at the oldest leaf, and was continued until the youngest leaf
of approximately 0.5 cm was reached. A calibration object with known
dimensions was placed in the soil in the same plane as the petiole (shown in
Figure 1).These preparations did not influence the response of the petiole to
ethylene. All experiments started at 10.00 h when the plants were 36 d old,
to rule out circadian effects.
E t h y l e n e  t r e a t m e n t
Treatment with 5 µL L-1 ethylene in a flow-through system took place
as described in Chapter 3.
S u b m e r g e n c e  a n d  1 - M C P  t r e a t m e n t
To achieve submergence, the cuvette containing the plant was gently
filled with tap water (20 ºC) until a water depth of 10 cm from the soil surface
was reached.The ethylene receptors were blocked by a 3h pre-treatment with
1 µL L-1 1-methylcyclopropene (1-MCP) as described in Chapter 3.
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Table I. Characteristics of 36 d old A. thaliana accessions used for measurements. 
Per accession the total number of leaves, and the leaf number of the measured petiole are shown.
“Min-max” represents the leaf number of the youngest and oldest measured petiole among replicate
plants. Counting was performed from old to young, up to a leaf size of approximately 0.5 cm. Data
are means of 16 replicate plants (standard errors between brackets).
Accession Total number of leaves Measured leaf number Min-Max
Col-0 16.8 (1.1) 11.3 (1.8) 8 - 13
Ws-2 16.1 (0.6) 8.3 (1.4) 6 - 11
Be-0 20.3 (1.9) 12.1 (1.1) 10 - 13
Rld-1 19.3 (1.4) 10.1 (1.0) 9 - 12
Kas 20.3 (2.4) 10.9 (1.5) 8 - 14
Sha 13.9 (1.2) 9.1 (0.9) 8 - 12
Ler 14.2 (1.8) 8.5 (1.3) 6 - 13
Nd-0 15.1 (1.0) 10.9 (1.0) 9 - 10
Cvi 14.8 (3.0) 8.4 (1.1) 7 - 11
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L o w - l i g h t  t r e a t m e n t
For the low-light treatment the light quantity was reduced by 90 % to
15 - 20 µmol m-2 s-1 (photon flux density) at the start of the experiment.This
was achieved by switching off a number of lamps in the growth chamber and
by using a black spectral neutral shade cloth.These alterations did not change
the light quality.
M a n i p u l a t i o n  o f  i n i t i a l  p e t i o l e  a n g l e
Experiments in which the angle of the petiole was manipulated took
place in glass cuvettes (15.0   17.5   29.0 cm) fitted with a metal ring holding
each pot.This ring could be tilted to achieve any given angle of the petiole
with respect to the horizontal at the start of the experiment. Following this
manipulation, the petiole was able to move freely.
I m a g e  a n a l y s i s
Digital photographs (1280   1000 pixels) were taken every 10 min.The
angle and length of the petiole and the leaf blade were measured on these
digital photographs using a PC-based image analysis system with a macro
developed in house in the KS400 (Version 3.0) software package (Carl Zeiss
Vision, Germany). Petiole angle was measured as the angle between the ink
mark at the petiole/lamina junction and a fixed basal point of the petiole (that
was determined using 10 random photographs), compared to the horizontal.
The angle of the leaf blade was determined as the angle between the mark on
the petiole and the top of the leaf blade, compared to the horizontal. Petiole
and leaf blade length were measured along the adaxial surface.
D a t a  a n a l y s i s  
Although care was taken to select plants that were in a similar
developmental stage, the angle and length of the petiole at the start of the
experiment varied slightly between replicate plants within one accession.To
enable comparison between treated and untreated plants, the change in angle
or length compared to t=0 h was calculated for all individual replicates. As a
consequence of this calculation, control and treated plants started from an
initial angle/length of 0. Additionally, we calculated the average initial angle
or length for the untreated and treated plants together. This average initial
value was added to the change in petiole angle or length for each individual
plant, resulting in plots where the control and the treated plants of one
accession started at a similar angle/length.These individual plots were used to
calculate averages and standard errors, and to describe the response with the
logistic function that is explained in Chapter 2.The function was fitted through
the data from time zero until the maximum petiole angle was reached. The
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parameters from this logistic fit were used to compare the hyponastic response
between accessions or treatments.The time point at which the response is at
its maximum speed is represented by the parameter X0 (point of inflection of
the curve). The maximum angle is A2 from the fit. Since the initial angle
varied, we used the maximum angle increase (A2-A1) to compare between
accessions and treatments. The parameter p plays a role in determining the
shape and steepness of the curve. Changing p alone results in variation in the
range of values of “time” (from the equation in Chapter 2) over which the
major change in response is found (Weyers et al., 1987).To take into account
the changes in angle of control plants in air, we also calculated the differential
response (the difference between the angle of treated and control plants for
each time point; see Figure 3), and the average differential response (over the
24 h of the experiment).
S t a t i s t i c a l  a n a l y s i s
The program SPSS 10 (SPSS Benelux BV, Gorinchem, Netherlands) was
used to perform an analysis of variance and to calculate Pearson correlations
(two tailed).
R e p r o d u c i b i l i t y  o f  t h e  h y p o n a s t i c  g r o w t h  m e a s u r e m e n t s   
For all accessions, two independently grown batches of plants (36 d old)
were treated with ethylene. In all cases, except one, the average angle
(calculated over the 24 h of the experiment, for both air- and ethylene-grown
plants) did not differ significantly between the two batches.The exception was
a batch of which some plants were already bolting.The data from the bolting
batch were not used for further analysis.
Plants were used for the experiments when they were 36 d old. However,
plants that were 33 d or 39 d old showed the same ethylene-induced hyponastic
response as that of 36 d old plants (data not shown).The time of day at which
the experiment started also did not influence the change in petiole angle in
response to ethylene.When the ethylene treatment was started 12 h later than
usual (at 22.00 h instead of 10.00 h), the hyponastic response was not altered
(data not shown).
As shown in Table I, the accessions differed in developmental stage when
they were used in the experiments.As a consequence, we could not use a fixed
leaf number for our studies.To test if this influenced the results, the correlation
between the average angle and the total number of leaves, or the number of
the measured leaf, was calculated.There was no significant correlation between
these developmental parameters and the hyponastic response, indicating that
upward leaf movement is independent of the developmental stage of the
accession, within the range of leaf numbers that we tested.
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Thus, ethylene-induced hyponastic growth in A. thal iana is a robust
response that is independent of plant batch, plant age, starting time of the
experiment, the measured leaf number, and the total number of leaves per
plant.
R e s u l t s
N a t u r a l  v a r i a t i o n  i n  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h
b e t w e e n  a c c e s s i o n s  
Figure 1 shows a representative example of an Arabidops i s  thal iana
accession Columbia-0 plant that exhibited a strong increase in leaf angle upon
exposure to 5 µL L-1 ethylene for 24 h.The time course of ethylene-induced
hyponastic petiole growth for nine Arabidopsis accessions is shown in Figure
2. Variation existed in the initial angle of the petiole at the start of the
experiment. Additionally, the petiole angle in air of a number of accessions
changed considerably during the 24 h of the experiment. In most accessions,
ethylene treatment induced a relatively rapid upward movement of the petioles
compared to air-grown plants. In Figure 3 we corrected for the strong changes
in petiole angle of air-grown plants that were observed for some accessions,
by calculating the difference in petiole angle between ethylene- and air-treated
plants. The hyponastic response started within the first 2 h of ethylene
treatment for all accessions. However, there was considerable variation in the
kinetics of hyponastic growth among the accessions, and these differences are
clearly illustrated when looking at the differential response in Figure 3.
8 6 • C h a p t e r  5
F i g u re  1 .  Representative example of A. thaliana accession Col-0 treated with air (A) or 5 µL L-1
ethylene (B) for 24 h. The petiole/leaf blade junction of the leaf under examination is marked with
drawing ink (see arrows). A calibration object is placed in the same plane as the marked petiole. 
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F igure  2 .  Petioles angle and length of nine A. thaliana accessions, treated with 5 µL L-1 ethylene,
or air. Plants were in continuous light during the experiment, the black bars represent the period
when normally the night would have taken place. Data are means of 8 replicate plants, from two
separately grown batches per accession. Bars represent standard errors.
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We divided the accessions in three groups based on their response to
ethylene treatment.The first group consisted of Be-0, Col-0, Kas, Rld-1 and
Ws-2 (black symbols in Figure 3), since all these accessions showed a relatively
strong increase in petiole angle (10 degrees or more, compared to untreated
plants). However, the way in which this ethylene-induced increase was
achieved, differed considerably between the accessions in this group. For
example, the maximum increase (compared to untreated plants) of Col-0
petioles was already reached after approximately 6 h of ethylene treatment,
and declined slightly afterwards. In contrast, Be-0 and Rld-1 obtained this
maximum increase in angle (compared to untreated plants) only after
approximately 15 h of treatment with ethylene. Ws-2 and Kas showed a
response that was intermediate between these extremes.
The accessions Ler and Sha showed a weak hyponastic response, with an
increase in angle of approximately 5 degrees compared to untreated plants,
and were placed in the second group (open symbols in Figure 3).These two
accessions reached their maximum angle after approximately 5 h of ethylene
treatment.
Cvi and Nd-0 were placed in the third group (grey symbols in Figure
3), since they hardly showed a difference in petiole angle between treated and
untreated plants. In both accessions, ethylene only induced a small increase in
angle of approximately 5 degrees compared to untreated plants during the first
5 h of treatment. However, during the remainder of the experiment there was
hardly a difference in angle between petioles in ethylene or in air.
8 8 • C h a p t e r  5
F i g u re  3 .  Differential change in petiole angle (mean ethylene - mean air, from Figure 2) for the
nine A. thaliana accessions.  
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The maximum petiole angle of Col-0 was reached after approximately
6 h of ethylene treatment (Fig. 2, 3).To examine if ethylene was also required
for maintenance of this maximum petiole angle, the ethylene supply was
switched off after 6 h of treatment (Fig. 4). Although the ethylene
concentration in the cuvette declined to ambient levels within 40 min (data
not shown), it took approximately 3 h before the angle of the petiole started
to decrease, and approximately 10 h before the petiole angle had declined to
control levels.
The leaf blade also showed natural variation in ethylene-induced
hyponastic response (data not shown). The average differential hyponastic
response of the petiole and that of the leaf blade of the various accessions were
positively correlated (Pearson 0.911, P<0.001), indicating that a strong
hyponastic petiole growth was accompanied by a strong hyponastic growth of
the leaf blade. On average, the response of the leaf blade was almost twice as
large as that of the petiole for all accessions (data not shown).This indicates
that at the basal end of both the petiole and the leaf blade differential growth
occurred to the same extent, resulting in a change in leaf blade angle that was
twice as large as the change in petiole angle.
We selected two A. thaliana accessions that showed an opposite response
to ethylene: Col-0, which had strong ethylene-induced hyponastic growth,
and Ler, which hardly showed a change in leaf angle upon ethylene treatment
(Fig. 2, 3). Although Nd-0 and Cvi responded even less to ethylene than Ler ,
they were not used since these accessions already showed strong petiole
H y p o n a s t i c  g r o w t h  A r a b i d o p s i s -  a c c e s s i o n s • 8 9
F igure  4 .  The effect of switching the ethylene off after 6 h of treatment on the petiole angle of A.
thaliana Col-0. Data are means of 4 replicate plants. Bars represent standard errors. 
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movement when exposed to air. In the two selected accessions, we tested the
effect of manipulation of the initial petiole angle, submergence, or spectral
neutral shading on the hyponastic response of the petiole.The results of these
experiments are described below.
M a n i p u l a t i o n  o f  t h e  i n i t i a l  p e t i o l e  a n g l e  
Among the accessions tested, a significant negative correlation was found
between the average differential petiole response to ethylene and the initial
petiole angle (Pearson -0.696, P<0.05).This suggested that an accession with
a low initial petiole angle (e.g. Col-0) had a large hyponastic response, and
that an accession with a high start angle (e.g. Ler) showed a weak response. A
dependency on the initial petiole angle was also shown for the kinetics of
submergence-induced hyponastic growth in R. palust r i s (Chapter 2). To
examine if in A. thaliana manipulation of the petiole angle at the start of the
experiment could mimic the dependency of the response on the initial petiole
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F igure  5 .  Effect of manipulation of the initial petiole angle at the start of the experiment on the
response of that petiole in air (open symbols) or ethylene (dark symbols), for A. thaliana Col-0 and
Ler. A schematic overview of a pot with plant is given to illustrate the manipulation of the petiole
under investigation (arrow). Data are means of 4 replicate plants. Bars represent standard errors. 
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angle as suggested by this correlation, the initial angle of Col-0 and Ler was
increased or decreased by tilting the whole plant (with pot; Fig. 5).These tilting
treatments hardly affected the hyponastic response upon ethylene treatment.
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F i g u re  6 .  Hyponastic growth in response to submergence of A. thaliana Col-0 (A), etr1-1 (B) and
Ler (C). For Col-0 and Ler, the response of 1-MCP pre-treated plants is also shown. Data are means of
4 replicates. Bars represent standard errors. Parameters describing hyponastic growth: Col-0 ethylene:
A2-A1 = 21.5 degrees (SE 1.0), X0 = 2.4 h (SE 0.2), p = 2.0 (SE 0.2), 90 % of maximum angle increase =
6.6 h (SE 0.8); Col-0 submerged: A2-A1 = 24.6 degrees (SE 2.8), X0 = 4.6 h (SE 0.7), p = 3.4 (SE 0.4), 90
% = 13.1 h (SE 5.6); Ler ethylene: A2-A1 = 5.9 degrees (SE 0.8), X0 = 1.2 h (SE 0.1), p = 5.3 (SE 0.9), 90
% = 1.2 h (SE 0.2); Ler submerged: A2-A1 = 10.8 degrees (SE 1.3), X0 = 5.9 h (SE 0.3), p = 6.3 (SE 1.6),
90 % = 8.6 h (SE 1.0).
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In Col-0, we only observed a delay in the onset of hyponastic growth in
downward tilted petioles. Apart from this, the kinetics of the response were
similar for tilted and un-manipulated petioles in Col-0 and Ler.
For both accessions, increasing the initial angle at the start of the
experiment resulted in a gradual decrease in petiole angle of air-grown plants
throughout the duration of the experiment. In contrast, lowering the petiole
angle at the start of the experiment hardly induced upward petiole movement
in the experimental period of 24 h. Upward petiole growth in air was also not
stimulated by tilting the pots 90 degrees downward for several days (data not
shown).
S u b m e r g e n c e - i n d u c e d  h y p o n a s t i c  g r o w t h
We examined if submergence could induce hyponastic growth in the
two extreme responding accessions of A. thal iana (Col-0 and Ler ; Fig. 6).
Col-0 plants showed hyponastic petiole growth in response to submergence
(Fig. 6A).The maximum increase in angle that was reached upon submergence
was similar to that induced by ethylene. However, the kinetics of submergence-
induced hyponastic growth were delayed compared to those in ethylene, as
indicated by a later time point at which the response was at its maximum speed
(higher X0, P<0.01). Additionally, 90 % of the maximum angle was reached
later (P<0.05). Submerged Col-0 plants in which the ethylene receptors were
blocked by 1-MCP showed no increase in petiole angle compared to 1-MCP
pre-treated plants in air (Fig. 6A). Similarly, the ethylene-insensitive receptor
mutant etr1-1 also showed no hyponastic growth in response to submergence
(Fig. 6B).
Ler petioles exhibited hyponastic growth of approximately 10 degrees
upon submergence (Fig. 6C).The maximum increase in angle of submerged
plants was approximately twice as large as that of ethylene-treated Ler plants
(P<0.01).The change in petiole angle in response to submergence in Ler was
delayed compared to that induced by ethylene; with a later point of inflection
of the curve (P<0.01), and a longer time until 90 % of the maximum angle
was reached (P<0.01). 1-MCP pre-treatment resulted in a strong decrease of
the angle of Ler petioles in air. However, when taking this decrease into
account, 1-MCP pre-treatment did not negatively affect the hyponastic
response of submerged plants (Fig. 6C).
L o w - l i g h t - i n d u c e d  h y p o n a s t i c  g r o w t h
We examined if spectral neutral shading (approximately 10 % of the
normal light level) could induce hyponastic petiole growth in A. thaliana. In
Col-0 this low-light treatment induced a change in petiole angle that was very
similar to that of ethylene-treated plants (Fig. 7). No additive effect of both
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treatments was demonstrated, apart from maintenance of a higher petiole angle
in the last 5 h of the experiment. Petioles of Ler also showed a strong
hyponastic response (20-25 degrees) upon spectral neutral shading (Fig. 7).
This is in contrast to the very weak effect of ethylene on the petiole angle in
this accession under normal light conditions. Ethylene did not influence the
hyponastic growth in response to low-light, since no altered effect was found
when low-light and ethylene were applied together.
P e t i o l e  a n d  l a m i n a  e l o n g a t i o n
In the nine accessions studied, natural variation existed in the effect of
ethylene on petiole and leaf blade elongation (Fig. 2, 8). After 24 h of
treatment, petiole length was only significantly increased by ethylene in Ws-2
H y p o n a s t i c  g r o w t h  A r a b i d o p s i s -  a c c e s s i o n s • 9 3
F igure  7 .  Hyponastic growth of A. thaliana Col-0 and Ler in air or treated with ethylene, in normal
light (200 µmol m-2 s-1) or after transfer to low-light (20 µmol m-2 s-1). Data are means of 4 replicate
plants. Bars represent standard errors. 
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(P<0.05; Fig. 8). Col-0 petioles showed a tendency towards stimulation by
ethylene (P<0.1). However, this effect was not sustained after 48 or 72 h of
ethylene treatment (data not shown). Only one of the accessions (Rld-1)
showed a significant inhibitory effect of ethylene on petiole elongation. In the
other accessions studied, petiole length was not significantly affected by
ethylene.
No stimulatory effect of ethylene on leaf blade elongation was found in
any of the accessions used in this study. In a number of accessions (Kas, Col-0
and Rld-1) ethylene inhibited elongation of the leaf blade after 24 h of
treatment (P<0.05; Fig. 8). Be-0, Ler and Sha showed a tendency towards a
negative effect of ethylene on leaf blade elongation, although this was not
9 4 • C h a p t e r  5
F i g u re  8 .  Effect of ethylene on the elongation of petioles (A) and leaf blades (B) of A. thaliana
accessions after 24 h. Data are means of 8 replicate plants, from two separately grown batches per
accession. Bars represent standard errors. “+”: P<0.1, “*”: P<0.05 and “**”: P<0.01. Note that the order
in which the accessions are presented is based on the effect of the ethylene treatment.
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significant (P<0.1).There was no significant correlation between the effect of
ethylene on the petiole and the leaf blade. This indicates that ethylene can
affect elongation of the petiole and of the leaf blade in an independent manner.
D i s c u s s i o n
E t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h  i n  A r a b i d o p s i s
t h a l i a n a
The nine accessions of A. thal iana that we studied showed large
variation in hyponastic growth upon ethylene treatment (Fig. 2 and 3). In the
strongly-responding accessions Col-0 and Ws-2 the ethylene-induced change
in angle started within the first 2 h of treatment.This relatively fast response
is in the same order of magnitude as the time that was needed for Rumex
palustr is petioles to show an increase in angle upon submergence or ethylene
treatment (Chapter 2, 3), and is also in accordance with the time ranges for
other hyponastic or epinastic growth processes described in literature. For
example, in Lycopers i con es culentum , submergence or ethylene treatment
caused epinasty within a few hours (Jackson & Campbell 1975b; English et
al., 1995; Grichko & Glick 2001a). Similarly, stolons of Tr ifol ium fragi ferum
and Arachis  hypogaea showed ethylene-induced curvature after 2 h of
treatment (Hansen & Bendixen 1974; Ziv et al., 1976).These fast ethylene-
induced curvatures are in contrast with the results of Vandenbussche et al.
(2003), who reported that it took several days during leaf development to
achieve ethylene-induced hyponastic growth of Arabidopsis thaliana seedlings.
Therefore, it is likely that the response described by Vandenbussche et al. (2003)
is based on a different mechanism. In contrast to our results, Arteca & Arteca
(2001) did not find hyponastic growth upon ethylene addition in A. thaliana
Col-0. It is possible that the much higher ethylene concentration (200 µL L-1)
they used resulted in inhibition of the response instead of stimulation like we
found with 5 µL L-1. Alternatively, the lack of response to ethylene could have
been caused by a constitutively high ethylene production in the control plants
(caused by growing the plants on non-aerated hydroponics), as reflected by
the high ethylene emission and ACC concentration in these control plants
(e.g. compared to values measured in submerged R. palustr is plants or infected
A. thal iana leaves; Banga et al., 1996; Grichko & Glick 2001b; Knoester et
al., 1998;Vriezen et al., 1999).This is supported by the observation that the
control plants in their study already showed a high initial petiole angle at the
start of the experiment.Therefore, addition of extra ethylene probably did not
result in an additional hyponastic response in the study of Arteca & Arteca
(2001).
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We have shown that ethylene is not only necessary for the induction of
hyponastic petiole growth in A. thaliana , but also for maintenance of a high
petiole angle (Fig. 4). Switching off the ethylene addition when the maximum
petiole angle was reached, resulted in a downward movement of the petiole
that started after approximately 3 h. Since the ethylene concentration in the
cuvette reached ambient levels within 40 min after switching off the ethylene
(data not shown), this delay did not reflect the time that was needed for
ethylene to disappear from the cuvette. It could be caused by the time it takes
for ethylene to dissociate from the receptors. Bleecker (1997) reviewed that
there are two classes of dissociation rates, a fast class (half life less than 30 min)
and a slow class (half life more than 6 h). Alternatively, mechanisms exist that
down-regulate ethylene responses when ethylene is no longer present.
Expression of the ethylene receptor gene ERS1 is ethylene-inducible, and it
has been suggested that this up-regulation could function in the rapid down-
regulation of the ethylene response when ethylene is switched off, since
receptors that are not bound by ethylene function to restrain ethylene signaling
(Hall et al., 2000). In contrast to A. thal iana , the petiole angle of ethylene-
treated R. palust r i s plants started to decline almost immediately when the
ethylene was switched off (Chapter 3).The difference in response time between
these two species could reflect differences in the ability to up-regulate the
ethylene receptors upon ethylene treatment. However, this seems unlikely since
in both species ethylene treatment can induce ERS1 gene expression (Vriezen
et al. 1997; Hua et al., 1998; unpublished results Millenaar et al.). It is also
possible that the lag-phase between switching off the ethylene and the decline
in petiole angle reflects the time needed for the differential growth process
that causes hyponasty to be reversed into differential growth leading to
epinasty. Probably in A. thaliana this reversal of the direction of nastic growth
cannot take place as fast as it can in R. palustr is.
To examine whether accessions that showed less hyponastic growth upon
ethylene treatment are in general also less ethylene sensitive, a correlation was
calculated between the data published in Peeters et al. (2002) about the
ethylene-inhibition of hypocotyl growth in various accessions, and the
hyponastic growth measured in this study.There was no significant correlation
between these two datasets. Also, in our study the effect of ethylene on petiole
and leaf blade growth (Fig. 8) did not have a significant correlation with the
effect of ethylene on hyponastic growth. This suggests that the response to
ethylene may be different for every organ, and for every response studied
within an organ in A. thaliana.
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I n f l u e n c e  o f  t h e  i n i t i a l  p e t i o l e  a n g l e  o n  h y p o n a s t i c  g r o w t h
We had indications that the initial petiole angle at the start of the
experiment influenced the hyponastic response of the petiole. Firstly, in the
A. thal iana accession survey, a significant negative correlation was found
between the average ethylene-induced differential response of the petiole and
the initial petiole angle (Pearson -0.696, P<0.05). This suggested that an
accession with a low petiole angle (e.g. Col-0) had a large hyponastic response,
whereas an accession with a high start angle (e.g. Ler) had a weak response.
Secondly, in R. palust r i s we also observed a dependency of the hyponastic
growth kinetics on the initial petiole angle (Chapter 2).Therefore, we tested
if manipulations of the initial angle of Col-0 and Ler petioles could mimic
the results that were suggested by the negative correlation that was found.That
is, is it possible to create a stronger hyponastic response in Ler by decreasing
the initial angle, or a weaker response in Col-0 by increasing the initial petiole
angle? Figure 5 shows that this was not the case; the ethylene-induced
hyponastic response in both accessions was hardly affected by manipulating
the petiole angle.This indicates that in A. thal iana , the hyponastic response
does not depend on the initial petiole angle at the start of the experiment. It
should be noted that manipulation of the initial petiole angle by tilting the
pot results in a change in orientation of the whole plant, and not just the
petiole under examination. Therefore, it is possible that the effect of this
manipulation is not the same as a change in angle of only the petiole under
study.
The gravitropic set-point angle (GSA) is the angle with respect to the
gravity vector that an organ maintains. For each plant organ, this GSA is
determined by its developmental stage and by environmental conditions
(Digby & Firn, 1995). Manipulation of the GSA to a higher angle caused a
small epinastic (downward) response in petioles in air for both accessions
during the course of the experiment (Fig. 5). Surprisingly, lowering the initial
petiole angle did not induce re-orientation towards the GSA in either
accession.
S u b m e r g e n c e - i n d u c e d  h y p o n a s t i c  g r o w t h
We have shown that submergence can induce hyponastic petiole growth
in A. thal iana (Fig. 6). In both Col-0 and Ler the hyponastic response took
place slower upon submergence compared to ethylene addition.The delay in
submerged plants can be explained by the time it takes for ethylene to build
up inside the petiole after the onset of submergence. A similar difference
between submergence- and ethylene-induced hyponastic growth was observed
for R. palust r i s (Chapter 3). Although the submergence-induced maximum
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increase in angle of Ler petioles was approximately twice as large as that upon
ethylene treatment, the response was still relatively small compared to that of
submerged Col-0 plants (Fig. 6).
In Col-0, ethylene plays an important role in submergence-induced
hyponastic growth, because blocking the ethylene receptors with 1-MCP
completely abolished the response (Fig. 6A).This was supported by the fact
that the ethylene insensitive e t r1-1 mutant (Col-0 background) showed a
complete lack of hyponastic growth under water (Fig. 6B). In Ler however,
hyponastic growth upon submergence is probably not mediated by ethylene,
since pre-treatment with 1-MCP did not reduce the ability to increase the
petiole angle under water (Fig. 6C).Thus, ethylene is an important signal to
indicate submergence in Col-0, but not in Ler .This difference between the
two accessions is also reflected by the much smaller response to ethylene of
Ler plants in air compared to Col-0 (Fig. 2, 3).Alternative signals for hyponastic
growth under water in Ler could be changes in the concentration of other
gases, such as carbon dioxide or oxygen (reviewed in Jackson & Ram, 2003).
The fact that 1-MCP pre-treatment caused a strong decline in petiole
angle of Ler in air, suggests that although ethylene is probably not involved in
hyponastic growth under water, it does play a role in maintenance of the GSA
of the petiole in this accession. In contrast, 1-MCP did not cause a decline in
the GSA of Col-0 petioles (Fig. 6A). It is possible that Ler is either more
sensitive to ethylene than Col-0, or produces more ethylene, with the
hyponastic response being already near saturation in air.This would explain
the higher GSA of Ler, the strong drop in angle when ethylene perception of
plants in air is blocked, and the fact that the angle of Ler petioles hardly
responds to ethylene treatment.
L o w - l i g h t - i n d u c e d  h y p o n a s t i c  g r o w t h  
It is well known that changes in the light environment can induce
changes in leaf angle (Ballaré, 1999). In accordance with this, both Col-0 and
Ler showed a clear hyponastic response after transfer to spectral neutral low-
light (Fig. 7).The kinetics of hyponastic growth in Col-0 were identical when
induced by ethylene or low-light (Fig. 7). Also, for the first 20 h there was no
additive effect of treatment with ethylene and low-light together. We
hypothesize accordingly, that a part of the downstream signal transduction
pathway leading to hyponastic growth is shared by the two signals. It should
be noted that although Ler only showed a small increase in angle in response
to ethylene (Fig. 2) or submergence (Fig. 6), low-light treatment did induce
strong upward movement of the petiole, with a maximum increase in angle
that was similar to that of Col-0 in response to ethylene or low-light.Thus,
the variation in response to ethylene was not repeated in the shading response
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in these two accessions. These results show that Ler does contain signal
transduction components that can lead to hyponastic growth. Within the
Rumex genus we find a comparable situation for the process of stimulated
petiole elongation: R. palust r i s shows stimulated petiole extension upon
ethylene treatment, whereas R. acetosa does not (reviewed in Voesenek et al.,
2003). However, this latter species does respond to spectral shading
(unpublished results, Pierik et al.).This indicates that R. acetosa is capable of
petiole elongation, but that ethylene is not the cue to switch on the signal
transduction pathway leading to the growth response in this species.
P e t i o l e  e l o n g a t i o n
There was less variation in the effect of ethylene on petiole length than
on hyponastic growth (Fig. 2, 8). Only in two accessions we found a significant
effect of ethylene on petiole elongation after 24 h of treatment; an inhibition
in Rld-1 and a stimulation in Ws-2. Because ethylene is mostly associated with
growth retardation in non-aquatic plants like A. thaliana (Smalle & Van Der
Straeten, 1997), it is surprising that not in more accessions ethylene had an
inhibiting effect on petiole elongation.A stimulatory role of ethylene, as found
by Smalle et al. (1997) and Fiorani et al. (2002) was observed for only one
accession (Ws-2).
In most accessions, leaf blade elongation showed a (tendency towards)
inhibition by ethylene. No stimulatory effect of the plant hormone was found
in any of the accessions tested (Fig. 8). Since there was no significant
correlation between the effect of ethylene on petiole and on leaf blade
elongation, we conclude that the hormone acts independently on the petiole
and the leaf blade in A. thal iana . This means for example that ethylene-
induced inhibition of petiole growth is not necessary correlated with
inhibition of leaf blade elongation.
C o n c l u s i o n s
Ethylene stimulates rapid hyponastic growth in A. thal iana , but
considerable variation exists among the accessions studied. For example, Col-
0 shows a strong increase in petiole angle upon ethylene treatment, whereas
Ler hardly reacts to this treatment. In both accessions, the hyponastic response
does not depend on the initial angle of the petiole at the start of the
experiment. Hyponastic growth in these two accessions can also be induced
by spectral neutral shading. There is no additive effect of applying both
ethylene and low-light, suggesting that part of the signal transduction pathway
leading from ethylene or low-light signals to hyponastic growth overlaps. Ler
is capable of hyponastic growth, since shading causes a very strong upward
movement of the petiole compared to ethylene. Thus, Ler possesses all the
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components necessary for hyponasty. Additionally, we show that ethylene is
an important signal inducing hyponastic growth upon submergence in Col-0,
but not in Ler.
There is less variation in the effect of ethylene on petiole and leaf blade
elongation of a number of A. thal iana accessions. Ethylene only stimulates
petiole elongation in Ws-2, in the other accessions the hormone either inhibits
petiole and leaf blade growth or there is no effect.There was no correlation
between the effect of ethylene on petiole and leaf blade elongation, suggesting
that the hormone acts independently on these two parts of the leaf.
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Chapter  6
Aux in  and  ethy lene  regu late  
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A b s t r a c t
Hyponastic (upward) movement of plant organs in response to environmental factors is
widespread in the plant kingdom. The Arabidops i s  thal iana accessions Columbia-0 (Col-0)
and Wassilewskija-2 (Ws-2) showed a strong upward movement of the petioles upon treatment
with ethylene. In the present study, we examined if auxin is involved in the regulation of
hyponastic growth in A. thaliana . Our approach combined pharmacological experiments and
analysis of a range of mutants (Col-0 and Ws-2 background) in different steps of the auxin
signal transduction and transport pathways. Using a computerized digital camera system, we
described the hyponastic growth of wild-type plants and mutants in detail during a period of
24 h.This enabled us to show that auxin is involved in hyponastic growth, and we propose that
it acts downstream of ethylene. Both hormones play a role in all stages of the hyponastic
response, from regulating the speed of upward petiole movement, to the ability to reach the
maximum petiole angle, and maintenance of this upright orientation.
I n t r o d u c t i o n
Organ movements are widespread in the plant kingdom and allow for
changes in the orientation of leaves, petioles or stems in response to
environmental factors. Epinastic (downward) and hyponastic (upward)
movements result from differential growth, with the adaxial respectively the
abaxial side of the plant organ elongating faster (Kang, 1979). Hyponastic
growth has been observed in response to a number of environmental factors,
including submergence and shading. For example, submergence-induced
hyponastic petiole movement in the flooding-tolerant Rumex palus t r i s , in
combination with stimulated elongation of the petiole, can bring the leaf above
the water surface and restore gas exchange between the plant and the
atmosphere (Voesenek & Blom, 1989a). Hyponastic growth in response to
shading has been described for a number of plant species, for example Lotus
tenuis (Clúa et al., 1996), Tr i fo l ium repens (Gautier et al., 1997), Nicot iana
tabacum (Pierik et al., 2003), and Arabidops i s  thal iana (Chapter 5,
Vandenbussche et al., 2003).
The plant hormone ethylene is an important regulator of hyponastic
growth in response to submergence (R. palustr is , Chapter 3). Recent studies
demonstrated that ethylene could also induce rapid hyponastic petiole
movement in A. thal iana , and that considerable natural variation existed in
the response of different accessions (Chapter 5). For example, the accessions
Columbia-0 (Col-0) and Wassilewskija-2 (Ws-2) showed strong hyponastic
growth upon exposure to ethylene, whereas Landsberg ere c ta (Ler ) and
Shakdara (Sha) only changed their petiole angle slightly.The generally accepted
ethylene signal transduction pathway (via the ethylene receptors to CTR1 and
EIN2) is described in Chapter 1. However, suggestions have been made
recently that additional ethylene signaling routes exist apart from signal
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transduction through CTR1, possibly mediated by separate two component
signaling systems (Lohrmann & Harter, 2002; Hwang et al., 2002). In the light
of this, we investigated if ethylene-induced hyponastic growth in A. thaliana
was mediated via the CTR1 signal transduction route. Pharmacological
experiments, and the analysis of mutants in ethylene signaling components,
confirmed that the response of A. thal iana to ethylene took place via the
components of the generally accepted ethylene signal transduction pathway,
including the ethylene receptor proteins, and the downstream components
CTR1 and EIN2.
Auxin plays a role in the hyponastic response of submerged R. palustr is
petioles (Chapter 3), and in a number of other differential growth processes
like gravitropism and phototropism (reviewed in Friml & Palme, 2002).
Differential growth during apical hook formation in Arabidops i s is also
regulated by both auxin and ethylene (Raz & Ecker, 1999).The principal aim
of the present study was to elucidate the role of auxin in hyponastic growth
of A. thal iana . We used an approach that combined pharmacological
experiments and analysis of a number of mutants (in Col-0 or Ws-2
background) in different steps of the auxin signal transduction and transport
pathways (described in Chapter 1). Using a computerized digital camera
system, we described the hyponastic growth of mutant and wild-type plants
in detail during a period of 24 h. Based on the results obtained in this study,
we propose that auxin acts downstream of ethylene in the signal transduction
pathway leading to hyponastic growth, and that it is important during all stages
of upward movement of A. thal iana petioles. A model for the regulation of
hyponastic growth by ethylene and auxin is presented.
M a t e r i a l s  a n d  M e t h o d s
P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s
The Arabidops i s  thal iana ethylene- and auxin mutants and transgenes
used in this study are shown in Table I.The mutants/transgenes were in the
Columbia-0 (Col-0; N1092) or the Wassilewskija-2 (Ws-2) background.The
lax mutants had transposon insertions at the following base pair positions:
lax1 (AJ249442) between 547-548; lax2 (AJ243221) between 610-611; lax3
(AY127575) between 1350-1351. Plants were grown as described in Chapter
5.
In all experiments, petioles of 36 d old plants (from sowing) were used.
We examined the hyponastic response of a single petiole per plant. Although
care was taken to study a similar leaf number in all the individual replicates
of one mutant, it was not possible to use the same leaf in the same
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developmental stage for all the mutants, since they developed differently.The
leaf that was studied ranged from the 8th to the 3rd youngest in the different
mutants. However, Chapter 5 shows that in 36 d old Col-0 plants (the
background accession for most of the mutants), the 9th to the 4th youngest
petiole had a similar hyponastic response.
C o m p u t e r i z e d  d i g i t a l  c a m e r a  s y s t e m  
To measure changes in petiole angle, a custom-built computerized digital
camera system as described in Chapter 2 was used. To enable continuous
photography, experiments were made in continuous light for 24 h. Plants were
prepared and placed in the camera system as described in Chapter 5. All
experiments started at 09.30 h when the plants were 36 d old, to rule out
circadian effects.
1 0 4 • C h a p t e r  6
Table I. Initial petiole angle of Arabidopsis thaliana accessions Col-0 and Ws-2, and of ethylene
and auxin mutants. 
The initial petiole angle was measured at the start of the experiment, when the plants were 36 d
old. Data are means of 6-8 replicate plants (standard errors between brackets). The initial angle of
the mutants was compared with that of Col-0, which is the background accession. Means with (*) are
significantly different from Col-0 (P<0.05). 
# the initial angle of rcn1 was compared to that of its background accession Ws-2. 
name initial petiole angle (degrees)
Wild-type Col-0 9 (2)
Ws-2 20 (3)
Ethylene mutants etr1-1 -7 (3) *
ein4-1 5 (2)
ctr1-1 17 (2) *
ein2-1 0 (3) *
ein3-1 15 (3)
eto1-1 16 (2) *
hls1-1 5 (3)
Auxin mutants - transport aux1-7 14 (3)
aux1;lax1;lax2;lax3 13 (4)
pin3 2 (3) *
35S::PID-21 14 (3)
pid::en310 3 (3)
rcn1 # 30 (4) 
tir3-1 3 (2)
Auxin mutants - transcription nph4-1 6 (2)
msg2-3 0 (3) *
axr2-1 8 (2)
Auxin mutants - ubiquitination axr1-3 7 (3)
axr1-12 11 (4)
tir1-1 3 (3)
ask1-1;t ir1-1 16 (5)
axr6-1 5 (2)
axr4-1 10 (3)
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E t h y l e n e  a n d  1 - M C P  p r e - t r e a t m e n t
Plants were treated with 5 µL L-1 ethylene in a flow-through system as
described in Chapter 3. 1-methylcyclopropene (1-MCP) pre-treatment with
1 µL L-1 for 3 h took place as described in Chapter 3.
A u x i n  t r e a t m e n t  a n d  r e m o v a l  o f  t h e  l e a f  b l a d e
At the start of the experiment, plants were sprayed with a solution
containing 50 µM of the synthetic auxin 1-naphthalene acetic acid (NAA; 0.1
% TWEEN; 0.1 % ethanol). Additionally, the pots were placed in a petri-dish
containing 10 ml of the 50 µM NAA solution. Control plants were treated
similarly with a solution containing only 0.1 % TWEEN and 0.1 % ethanol.
The leaf blade was removed using scissors.
P o l a r  a u x i n  t r a n s p o r t  i n h i b i t i o n
Plants were sprayed with a solution containing 50 µM 2,3,5-
triiodobenzoic acid (TIBA; 0.1 % TWEEN and 0.01 % ethanol).TIBA pre-
treatment took place 42 h, 24 h and 18 h before the start of the experiment.
Control plants were sprayed with a pre-treatment solution containing 0.1 %
TWEEN and 0.01 % ethanol.
I m a g e  a n a l y s i s
Petiole angle was measured (as described in Chapter 5) on digital
photographs (1280   1000 pixels) using a PC-based image analysis system with
a macro developed in house in the KS400 (Version 3.0) software package (Carl
Zeiss Vision, Germany).
S t a t i s t i c a l  a n a l y s i s
For all replicate plants, the change in petiole angle compared to t=0 h
was calculated for every time point. Since a number of the hormone mutants
showed a strong decline in petiole angle in air (data not shown), we corrected
for this by subtracting the values of an untreated plant from those of a treated
plant for each time point, giving a differential change in petiole angle over
the 24 h of the experiment.The first untreated replicate plant in the camera
system was always subtracted from the first treated replicate plant, the second
untreated plant from the second treated plant, etc.
For all replicates, the parameters describing the differential change in
petiole angle and the lag-phase (Xlag) of the response, were obtained as
described in Chapter 2.The time point at which the response is at its maximum
speed is represented by the parameter X0 (point of inflection of the curve).
The maximum angle is A2 from the fit. The parameter p plays a role in
determining the shape and steepness of the curve. Changing p alone results in
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variation in the range of values of “time” over which the major change in
response is found (Weyers et al., 1987). These parameters were compared
between mutants and wild-type plants, or between different pharmacological
treatments with an independent samples t-test (Table II; SPSS version 10; SPSS
inc., Chicago).
R e s u l t s
I n i t i a l  p e t i o l e  a n g l e  a f f e c t e d  i n  e t h y l e n e -  a n d  a u x i n  m u t a n t s
The initial petiole angle of a number of Arabidopsis thal iana ethylene-
and auxin mutants differed from their background accession, Columbia-0
(Col-0).The petiole angle at the start of the experiment was higher in ctr1-1
and eto1-1, and lower in etr1-1, ein2-1, pin3 and msg2-3 (P<0.05;Table I).
E t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h  
Treatment of Col-0 with ethylene resulted in rapid hyponastic petiole
growth (Fig. 1).The angle of the petiole started to increase after a lag-phase
of 0.7 h, and the response reached its maximum speed after 2.1 h (X0).The
maximum increase in angle was 19 degrees. After this maximum was reached,
the petiole angle declined gradually, resulting in an increase of 11 degrees at
the end of the experiment (after 24 h).
Pre-treatment of Col-0 with the ethylene perception inhibitor 1-
methylcyclopropene (1-MCP) resulted in an almost complete inhibition of
1 0 6 • C h a p t e r  6
F igure  1 . Hyponastic petiole growth of Arabidopsis thaliana accession Columbia-0 (Col-0; 36 d old)
in response to ethylene, with or without 1-methylcyclopropene (1-MCP) pre-treatment. Plots are
means of 3-8 replicate plants. 
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ethylene-induced hyponastic growth (Fig. 1). 1-MCP pre-treated plants
showed hardly an increase in petiole angle upon ethylene treatment, and at
the end of the experiment the petiole angle was lower than that of control
plants (P<0.05,Table II, Fig. 1).
I n v o l v e m e n t  o f  e t h y l e n e  s i g n a l  t r a n s d u c t i o n  a n d  p r o d u c t i o n
c o m p o n e n t s
The ethylene receptor mutants etr1-1 and ein4-1 (reviewed in Stepanova
& Ecker, 2000) did not show hyponastic growth in response to ethylene (Fig.
2A, B). Figure 2C, D shows that similar results were obtained for mutants in
the downstream signal transduction components CTR1 (Kieber et al., 1993)
and EIN2 (Alonzo et al., 1999).The absence of upward petiole movement in
etr1-1 and ein2-1 was probably not caused by the lower initial petiole angle
of these mutants (Table I), since another mutant with a low petiole angle at
the start of the experiment (msg2-3 ;Table I) did show hyponastic growth in
response to ethylene (Fig. 5B).The ctr1-1 mutant had a two-fold higher initial
petiole angle compared to wild-type (Table I). It is unlikely that the lack of
ethylene response in ctr1-1 was caused by the high initial petiole angle of this
mutant, since we observed an increase in angle of approximately 10 degrees
in c t r1-1 petioles upon exposure to low light conditions (data not shown).
Alterations in the more downstream signal transduction component EIN3 also
affected hyponastic growth, but to a lesser extent than the upstream mutations
(Fig. 2E). The e in3-1 mutant (Chao et al., 1997) had a lag-phase that was
similar to that of Col-0, but the maximum increase in petiole angle was smaller,
and the maximum speed of the response was reached later (higher X0 value;
P<0.05). At the end of the experiment, ein3-1 and Col-0 petioles showed a
similar increase in petiole angle (Table II, Fig. 2E).
The ethylene-overproducing mutant e to1-1 (Guzman & Ecker, 1990)
responded less strongly to ethylene than Col-0 (Fig. 2F). Although the lag-
phase was similar, the maximum increase in angle of this mutant was only half
that of wild-type plants (P<0.05). Moreover, at the end of the experiment,
the petiole angle of ethylene-treated e to1-1 had declined to approximately
control level, which was significantly lower than that of Col-0 plants treated
with ethylene (P<0.05, Fig. 2F,Table II).A mutation in the ethylene-responsive
HLS1 gene (Lehman et al., 1996) resulted in hyponastic growth with a lag-
phase and a maximum angle increase that were similar to those of Col-0 plants
(Fig. 2G; Table II). However, compared to wild-type plants, the response
reached its maximum speed later in hls1-1 petioles (higher X0) and the
maximum petiole angle declined to control levels at the end of the experiment
(P<0.05; Fig. 2G;Table II).
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N A A - i n d u c e d  h y p o n a s t i c  g r o w t h  
Treatment with the synthetic auxin 1-naphthalene acetic acid (NAA)
increased the petiole angle of Col-0 plants in air (Fig. 3A). The kinetics of
1 0 8 • C h a p t e r  6
F igure  2 . Ethylene-induced changes in petiole angle of a number of Arabidopsis thaliana ethylene
mutants, compared to the response of the wild-type background accession Columbia-0 (Col-0; 36 d
old). Data are means of 3-8 replicate plants.
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NAA-induced hyponastic growth differed from those induced by ethylene.
The lag-phase of hyponastic growth in response to NAA was 4.2 h,
approximately 6 times longer than the lag-phase of ethylene-induced
hyponastic growth (P<0.05). Additionally, the hyponastic response upon NAA
treatment reached its maximum speed later compared to ethylene treatment
(higher X0; P<0.05,Table II). Despite these differences, NAA- and ethylene-
treated plants eventually showed the same increase in petiole angle.
H y p o n a s t i c  g r o w t h  A r a b i d o p s i s -  e t h y l e n e  a n d  a u x i n • 1 0 9
Table II. Kinetics of the differential change in petiole angle of Arabidopsis thaliana mutants or wild-
type plants treated with hormone (inhibitor), compared to those of ethylene-treated Col-0
petioles.  
Parameters (3-8 replicate plants; 36 d old) describing hyponastic growth were obtained from a logistic
fit (see Chapter 2) on the differential change in petiole angle for each replicate. A2: maximum fitted
angle increase, X0: point of inflection, p: factor determining the shape and steepness of the curve,
Xlag: lag-phase, end angle: angle change at the end of the experiment (after 24 h). The symbol “=”
means that there was no difference between the treatment/mutant and Col-0, “-” that the parameter
was lower in the treatment/mutant compared to Col-0 (P<0.05), and “+” that it was higher in the
treatment/mutant compared to Col-0 (P<0.05). Treatments marked with (*) were compared to the
differential kinetics of NAA-induced hyponastic growth of the accession Col-0. 
“/” indicates that it was not possible to determine the parameter. 
# the kinetics of rcn1 were compared to those of its background accession Ws-2.
Treatment/mutant A2 X0 p Xlag end angle
Wild-type (Col-0) 1-MCP, ethylene - = = / -
NAA = + = + =
MCP, NAA * - + = + =
etr1-1 , NAA * - = = + -
-leaf blade, ethylene = + + = = 
-leaf blade, NAA * = = = = =
TIBA, ethylene = + = + -
Ethylene mutants ein3-1 - + = = =
eto1-1 - = = = -
hls1-1 = + = = -
Auxin mutants - aux1-7 + + = = +
transport aux1;lax1;lax2;lax3 + + = = =
pin3 = + = = -
35S::PID-21 = = - = =
pid::En310 = + = + =
rcn1 # / / / = =
tir3-1 = = = = =
Auxin mutants - nph4-1 = = = = -
transcription msg2-3 = = = = =
axr2-1 = + = + = 
Auxin mutants - axr1-3 = + = + =
ubiquitination axr1-12 = + = + =
tir1-1 = = = = =
ask1-1;t ir1-1 = = - = =
axr6-1 = + = = =
axr4-1 = = = = =
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It is well known that ethylene production can be upregulated by auxin
application (Yang & Hoffman, 1984).To separate true NAA effects from NAA-
induced ethylene effects, Col-0 plants pre-treated with 1-MCP, and the etr1-
1 ethylene-insensitive mutant, were treated with NAA. Figure 3A shows that
in both cases the lag-phase of hyponastic growth was longer than that of Col-
0 plants treated with NAA, and the maximum increase in petiole angle was
lower (P<0.05;Table II).
T h e  r o l e  o f  a u x i n  i n  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h
Removal of the leaf blade is thought to take away an important source
of auxin for the petiole. De-blading one leaf of a Col-0 plant at the start of
the experiment resulted in a strong decrease in the petiole angle of that leaf
in air (Fig. 3B). However, de-blading hardly affected the capacity of the petiole
to respond to ethylene. Figure 3B shows that the only difference in the kinetics
of hyponastic growth between de-bladed and intact petioles was a higher X0
and p-value for petioles without a leaf blade (P<0.05; Table II). When five
1 1 0 • C h a p t e r  6
F i g u re  3 . Changes in petiole angle of (A) Col-0, etr1-1 , or 1-MCP pre-treated Col-0 plants upon
treatment with 1-naphthalene acetic acid (NAA); (B) intact and de-bladed Col-0 petioles treated with
ethylene; (C) NAA-treated intact or de-bladed Col-0 plants; (D) ethylene-treated Col-0 plants that
were pre-treated with the auxin transport inhibitor 2,3,5-triiodobenzoic acid (TIBA). Data are means
of 4-8 replicate plants (36 d old).
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leaves were de-bladed at the onset of submergence, the measured petiole also
showed ethylene-induced hyponastic growth similar to intact Col-0 plants
(data not shown). Similarly, de-blading did not influence the response of the
petiole to NAA (Fig. 3C;Table II).
The role of polar auxin transport in ethylene-induced hyponastic growth
was studied using Col-0 plants that were pre-treated with the auxin transport
inhibitor 2,3,5-triiodobenzoic acid (TIBA).This pre-treatment lengthened the
lag-phase of hyponastic growth, and the time it took to reach the maximum
speed of the response (higher X0; P<0.005; Fig. 3D; Table II). TIBA pre-
treatment also negatively influenced the maintenance of a high petiole angle
in response to ethylene treatment, since the petiole angle declined to the level
of control plants at the end of the 24 h ethylene treatment (P<0.05,Table II,
Fig. 3D).
I n v o l v e m e n t  o f  a u x i n  t r a n s p o r t  c o m p o n e n t s  i n  e t h y l e n e -
i n d u c e d  h y p o n a s t i c  g r o w t h
Mutations in the auxin influx carrier (the single mutant aux1-7 and the
quadruple mutant aux1;lax1; lax2; lax3 ; Pickett et al., 1990; unpublished
results Bennett et al.) resulted in a maximum angle increase upon ethylene
treatment that was approximately twice as large as that of Col-0 plants
(P<0.05; Fig. 4A, B;Table II). In aux1-7 , the increase in petiole angle at the
end of the 24 h treatment was still higher than that of Col-0, whereas it was
the same in the quadruple mutant. In both mutants, the maximum speed of
the response was reached later than in Col-0, as indicated by the higher X0-
value (P<0.05;Table II). A mutation in the auxin efflux carrier PIN3 (Friml
et al., 2002) also resulted in altered kinetics of hyponastic growth (Fig. 4C).
In pin3 plants, the change in petiole angle upon ethylene treatment started
with a lag-phase that was similar to that of Col-0 plants (Table II). However,
after this lag-phase the petiole angle did not increase very strongly. Only after
approximately 5 h of ethylene treatment did the angle of the petiole start to
increase more rapidly. Although the maximum increase in angle was similar to
that of wild-type plants, this maximum was not maintained in the pin3 mutant
(P<0.05;Table II; Fig. 4C).
The PID gene codes for a protein kinase that has been hypothesized to
be a positive regulator of auxin transport, or a negative regulator of auxin
signalling (Christensen et al., 2000; Benjamins et al., 2001). Ethylene treatment
of a transgene with constitutive expression of PID (35S::PID-21) resulted
in hyponastic growth that was almost the same as that of wild-type plants.The
only difference was a lower p-value in the transgene (P<0.05, Table II; Fig.
4D). A transposon insertion in the PID gene (pid::En310 ) resulted in a
slightly longer lag-phase compared to wild-type plants, and a higher X0-value
H y p o n a s t i c  g r o w t h  A r a b i d o p s i s -  e t h y l e n e  a n d  a u x i n • 1 1 1
 hfdst•06  01-03-2004  12:55  Pagina 111
1 1 2 • C h a p t e r  6
F igure  4 . Ethylene-induced hyponastic petiole growth of a number of Arabidopsis thaliana auxin
transport mutants, compared to the response of the wild-type background accession Columbia-0 (Col-
0), or Wassilewskija-2 (Ws-2) for rcn1. Data are means of 3-8 replicate plants (36 d old). 
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F igure  5 . Ethylene-induced hyponastic petiole growth of a number of Arabidopsis thaliana auxin
signal transduction mutants, compared to the response of the wild-type background accession
Columbia-0 (Col-0, 36 d old). Data are means of 3-8 replicate plants. 
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(P<0.05,Table II, Fig. 4E).The mutants rcn1 (increased polar auxin transport,
Rashotte et al., 2001; Fig. 4F) and t i r3-1 (decreased polar auxin transport,
Ruegger et al., 1997; Fig. 4G), did not affect ethylene-induced hyponastic
growth (Table II).
I n v o l v e m e n t  o f  a u x i n  t r a n s c r i p t i o n  a n d  u b i q u i t i n a t i o n
c o m p o n e n t s  i n  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h
The Auxin Response Factor (ARF) mutant nph4-1 (Harper et al., 2000)
showed ethylene-induced hyponastic growth kinetics with the same maximum
increase in petiole angle as Col-0. However, in the mutant this maximum angle
could not be maintained and declined to the level of that of plants in air after
24 h of ethylene treatment (P<0.05, Table II, Fig. 5A). A mutation in the
primary auxin response gene MSG2 (Kumagai & Yamamoto, 2003) did not
significantly alter the kinetics of ethylene-induced hyponastic growth
compared to Col-0 (Fig. 5B;Table II). A mutation in another primary auxin
response gene (axr2-1 ,Wilson et al., 1990; Fig. 5C) resulted in a longer lag-
phase of ethylene-induced hyponastic growth, and increased the time it took
for the response to reach its maximum speed (high X0; P<0.05,Table II).
Mutations in AXR1 (Timpte et al., 1995; Fig. 5D, E), which lead to a
defect in the regulation of the ubiquitination process that is important in auxin
signal transduction (Del Pozo et al., 1998), resulted in a 3 to 4 fold longer lag-
phase of ethylene-induced hyponastic growth (P<0.05,Table II). In addition,
in both auxin-insensitive mutant alleles (axr1-3 and axr1-12) the maximum
speed of the response was reached later (higher X0) than in wild-type plants
(P<0.05;Table II).
Tir1-1, a mutant in a component of the ubiquitin-protein-ligase complex
(Ruegger et al., 1998; Fig. 5F), showed a hyponastic response with kinetics
similar to those of ethylene-treated wild-type plants (Table II).The ethylene-
induced hyponastic response of a double mutant of two components of the
ubiquitin-protein-ligase complex (ask1-1;t i r1-1 , Gray et al., 1999; Fig. 5G)
only had a higher p-value compared with ethylene-treated Col-0 (P<0.05,
Table II).
The axr6-1 mutant is defective in the CUL1 component of the ubiquitin-
protein-ligase complex (Hellmann et al., 2003). Upon ethylene treatment axr6-
1 showed wild-type kinetics, apart from an increase in the X0-value, meaning
that the maximum speed of the response was reached later in the mutant
(P<0.05; Table II, Fig. 5H). A mutation in the AXR4 gene, which is
hypothesized to be involved in a pathway regulating the activity of the
ubiquitination process (Hobbie & Estelle, 1995; reviewed in DeLong et al.,
2002), showed ethylene-induced hyponastic growth with kinetics that were
identical to those of wild-type plants (Fig. 5I,Table II).
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D i s c u s s i o n
E t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h  
Treatment of A. thal iana accession Col-0 with ethylene leads to rapid
hyponastic petiole movement (Fig. 1, also shown in Chapter 5). This is
consistent with the role ethylene plays in other nastic growth processes, for
example submergence-induced hyponastic growth in Rumex palus t r i s
(Chapter 3), and shading-induced hyponasty of Nicotiana tabacum (Pierik et
al., 2003). Ethylene has also been shown to play a role in the differential growth
process that is involved in apical hook maintenance in A. thal iana seedlings
(Raz & Ecker, 1999).
Here, we show the involvement of the ethylene receptor family in
ethylene-induced hyponastic growth. Firstly, pre-treatment of Col-0 plants
with 1-MCP, which blocks the ethylene receptors, resulted in a dramatic
reduction of ethylene-induced upward petiole movement (Fig. 1). Secondly,
ethylene-induced hyponastic petiole growth was completely abolished in the
ethylene-insensitive receptor mutants e t r1-1 and e in4-1 (Fig. 2A, B). Since
there have been reports postulating other ethylene signaling pathways as an
alternative for signaling through CTR1 (Lohrmann & Harter, 2002; Hwang
et al., 2002), we investigated if the generally accepted ethylene signal
transduction components (described in Chapter 1) are involved in ethylene-
induced hyponastic growth of A. thaliana accession Col-0. Mutants in CTR1
and EIN2 showed a total inhibition of hyponastic growth upon ethylene
treatment (Fig. 2C, D).This indicates that the signal transduction pathway for
hyponastic growth employs CTR1 and EIN2 and that there is no divergence
of the pathway between the ethylene receptors and these components.
The first downstream ethylene signal transduction mutant that showed a
partial hyponastic response to ethylene was e in3-1 (Fig. 2E, Table II). This
probably reflects the partial ethylene insensitivity of e in3-1 , as reviewed by
Bleecker & Kende (2000). EIN3 is part of a gene family, which also comprises
three EIN3-like genes (EILs; Chao et al., 1997). EIN3 and possibly the EILs
are DNA binding proteins that regulate gene expression by binding to primary
ethylene response elements (Solano et al., 1998). EIL1 and EIL2 can
complement the e in3 mutant (Chao et al., 1997). Thus, partial redundancy
between members of this gene family may exist, resulting in the incomplete
inhibition of hyponastic growth in e in3-1 . Alonso et al. (2003) recently
reported on a semi-dominant mutation in EIL1 in Arabidopsis , and showed
that eil1;ein3 double mutant seedlings did not respond to ethylene.The partial
hyponastic response in ein3-1 could also be explained by the observation that
cross-talk between the ethylene signal transduction pathway and other
hormone pathways takes place at the level of EIN2 (Alonso et al., 1999). It is
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possible that at this level another (hormonal) pathway also leading to
hyponastic growth connects to the ethylene pathway.When the ethylene signal
can not be transduced via EIN3, it is re-directed via this alternative pathway
which leads to delayed hyponastic growth.
The ethylene-overproducing mutant eto1-1 has been reported to have
2-5 fold higher ethylene levels compared to wild-type in the adult stage
(Guzman & Ecker, 1990). These measurements were made after incubation
overnight. It seems that this ethylene overproduction only takes place in adult
tissue in the dark, since it was not observed in a later study under continuous
light (Woeste et al., 1999).The fact that in our study the initial petiole angle
of eto1-1 was almost twice as large as that of Col-0 (Table I) could reflect the
constitutive ethylene response that results from this overproduction during the
night period. However, in that case it is expected that the petiole angle of
e to1-1 plants in air would decrease gradually during the 24 h of light
conditions in our experiment, and this was not the case (data not shown).The
smaller increase in angle upon ethylene treatment in eto1-1 (Figure 2F,Table
II) could be caused by the higher initial petiole angle of this mutant. However,
it seems unlikely that the 10 degrees change in petiole angle that we observed
is the maximum, since another mutant with a high initial petiole angle (aux1-
7;Table I) shows a strong hyponastic response (Fig. 4A).
A Mutation in the HLS1 gene, which is an ethylene-responsive gene that
has been implicated in differential cell elongation and the regulation of auxin
activity (Lehman et al., 1996; Raz & Ecker, 1999), resulted in a slightly delayed
response (higher X0), and a decline in angle to control levels at the end of the
treatment (Fig. 2G;Table II).This indicates that proper regulation of differential
cell elongation is crucial for the speed of the response and for maintenance
of a high petiole angle in response to ethylene. Additionally, it indicates a role
for auxin in the maintenance of ethylene-induced hyponastic growth of A.
thaliana.
A u x i n  i s  i n v o l v e d  i n  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h
Application of the synthetic auxin NAA to Col-0 plants in air induced
hyponastic growth (Fig. 3A), although with a delay in lag-phase and a higher
X0-value compared to the hyponastic response upon ethylene treatment (Table
II).This delay in the response could reflect the different application methods
of ethylene and NAA.The gaseous ethylene can readily diffuse into the plant,
whereas spraying a solution containing NAA onto the leaves, and giving it to
the soil, probably resulted in slower uptake. We found that a functioning
perception of ethylene is required for the NAA-induced hyponastic response
to take place with “wild-type” kinetics. When the ethylene receptors were
blocked (1-MCP pre-treatment of Col-0, or in the receptor mutant etr1-1),
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hyponastic growth in response to NAA was delayed compared to that of
ethylene-sensitive plants treated with NAA, and the maximum petiole angle
was not reached (Fig. 3A). It is well known that auxin can induce ethylene
biosynthesis (Yang & Hoffman, 1984), and it is likely that part of the response
to NAA took place via this mechanism. Given this interaction between
ethylene and auxin, we investigated the involvement of auxin in ethylene-
induced hyponastic growth.
Several lines of evidence suggest that auxin plays a role in ethylene-
induced hyponastic petiole growth. Pharmacological studies and mutant
analysis revealed that the presence of a functioning auxin efflux carrier
(involved in polar auxin transport) is important for maintaining proper
ethylene-induced hyponastic response kinetics (Fig. 3D, 4C).Table II shows
that disruption of the efflux carrier resulted in a longer lag-phase of hyponastic
growth (TIBA), a later time point at which the maximum speed of the response
took place (higher X0; pin3 and TIBA), and a disruption of the capacity to
maintain the maximum petiole angle (pin3 and TIBA). No negative effect of
defects in the efflux carrier on the maximum angle increase was found.The
influx carrier mutants aux1-7 and aux1;lax1; lax2; lax3 showed a higher
maximum angle increase and X0-value (Fig. 4A, B;Table II). It is important
to mention that AUX1 is thought to function mainly in the roots and that the
aux1-7 mutant shoot has been reported to be wild-type in appearance (Pickett
et al., 1990). At this point it is unclear what causes the stimulatory effect on
the maximum petiole angle in aux1-7 and aux1;lax1;lax2;lax3 shoots.
Mutations that affect the quantity of polar auxin transport (PAT) hardly
influenced ethylene-induced hyponastic growth (Fig. 4D-G; Table II).
Increased polar auxin transport (35S::PID-21 ; Benjamins et al., 2001) only
resulted in a lower p-value (P<0.05;Table II) whereas r cn1 (Rashotte et al.,
2001), another mutant with increased PAT, did not differ from wild-type for
the parameters that could be tested. Decreased PAT in pid::En310 (Benjamins
et al., 2001) caused a slightly longer lag-phase and a higher X0-value (P<0.05;
Table II), whereas the t i r3-1 mutant, which also shows lower rates of PAT
(Ruegger et al., 1997), had hyponastic growth kinetics that were similar to
wild-type.
Analysis of a number of mutations in genes that are involved in auxin
transcription and ubiquitination (Fig. 5) indicates the importance of these
processes in ethylene-induced hyponastic growth. Like alterations in auxin
transport, mutations in these processes resulted mainly in a negative effect on
the lag-phase and the time when the response was at its maximum speed (axr2,
axr1-3, axr1-12), and on maintenance of the maximum petiole angle (nph4-
1;Table II). No effect on the maximum angle increase was observed. It is not
surprising that the nph4-1 mutant showed these defects, since NPH4 encodes
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an auxin response factor that regulates differential growth in Arabidops i s
shoots (Harper et al., 2000). In a study on the development of petiole angle
of A. thaliana seedlings grown in ethylene for 6 d,Vandenbussche et al. (2003)
observed that axr2 seedlings did not respond to ethylene. In contrast, we found
a delay in ethylene-induced hyponastic growth of axr2 in adult plants, but not
a total absence of the response.
In this study, we have to take into consideration that a number of auxin-
related mutants also show a change in response to other plant hormones
(Hobbie & Estelle, 1994). For example, the ubiquitination complex also plays
an important role in the signal transduction pathways of other hormones, like
jasmonic acid (Schwechheimer et al., 2002).The aux1-7 and the axr1 mutants
have also been described as resistant to ethylene and cytokinin (Pickett et al.,
1990;Timpte et al., 1995), and axr2-1 shows cross-resistance to ethylene and
abscisic acid (Wilson et al., 1990). However, for these mutants resistance to
other hormones has only been tested in seedling roots, and not in the shoot
of adult plants, which is the tissue we are studying. The possibility remains
that the hyponastic growth defects observed in the shoots of these mutants in
our study are in part attributable to altered responses to hormones other than
auxin.
In R. palustr is , de-blading reduced the endogenous IAA content of the
petiole, and dramatically delayed the onset of hyponastic growth under water
(Chapter 3). Although removal of the leaf blade in A. thal iana resulted in a
strong decline in the angle of the petiole in air (Figure 3B), de-bladed petioles
responded to ethylene (Fig. 3B) and auxin (Fig. 3C) without a delay in the
onset of the response, and reached the same maximum increase in petiole angle
as intact plants (Table II). It is possible that in A. thaliana de-blading did not
reduce the auxin concentration in the petiole below the level necessary for
hyponastic growth.The fact that de-bladed Col-0 petioles in air showed a very
strong decrease in angle (Fig. 3B), suggests that leaf-blade derived auxin is
important in maintenance of the gravitropical set-point angle (GSA) in air.
The GSA is the angle with respect to the gravity vector that an organ
maintains. For each plant organ, the GSA is determined by its developmental
stage and by environmental conditions (Digby & Fern, 1995). A role for auxin
in determining the GSA of petioles in air is supported by the fact that two of
the auxin mutants studied had a lower initial petiole angle at the start of the
experiment (pin3 , and msg2-3 ;Table I). Ethylene also seems to be involved
in the regulation of the GSA of petioles in air. A number of ethylene-
insensitive mutants had a lower initial petiole angle compared to wild-type
plants, whereas a constitutive ethylene signaling mutant and an ethylene
overproducing mutant had a higher initial petiole angle (Table I).
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M o d e l  f o r  t h e  h o r m o n a l  r e g u l a t i o n  o f  h y p o n a s t i c  g r o w t h  i n
A .  t h a l i a n a
The hyponastic response of A. thal iana can be divided into three
sequential phases (Fig. 6).The first phase is upward petiole movement, and the
speed of this step can be described by the parameters Xlag (lag-phase), X0
(time when response is at maximum speed), and p (influences the shape and
steepness of the curve). The second phase is achievement of the maximum
petiole angle, represented by the parameter A2. Maintenance of this maximum
angle is the third phase of the hyponastic response, indicated by the petiole
angle at the end of the experiment.
We have shown that both ethylene and auxin are involved in hyponastic
growth of A. thal iana .The model in Figure 6 illustrates the involvement of
these two hormones in the different phases of hyponastic growth.We propose
that ethylene is the key initiator of the first phase of hyponastic growth.This
is deduced from the strong defects in hyponastic growth that were observed
when ethylene perception or signal transduction were disturbed (Fig. 1, 2). It
is likely that auxin acts downstream of ethylene, based on the fact that
hyponastic growth in response to NAA eventually took place, even when
ethylene perception was inhibited (Fig. 3A). Components involved in auxin
transport, ubiquitination and transcription are important for a correct timing
of the first phase of hyponastic growth, as indicated by the longer lag-phase
or altered X0- or p-values in mutants in these components (Table II; Fig. 6).
Ethylene also plays a role in achievement of the maximum petiole
angle, which is the second phase of the hyponastic response in A. thal iana
(Fig. 6). NAA-induced hyponastic growth in ethylene-insensitive plants
resulted in a lower maximum angle compared to ethylene-sensitive plants
(Table II), indicating the importance of ethylene perception in the
establishment of the maximum petiole angle. Auxin ubiquitination and
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F igure  6 . Model describing the involvement of ethylene and auxin in the three sequential phases
of the hyponastic response of Arabidopsis thaliana. 
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transcription processes are not involved in this second phase, but the role of
auxin transport is less clear. The only auxin transport mutants that differed
from wild-type were the auxin influx mutants aux1-7 and
aux1;lax1;lax2;lax3 (Table II).The influx of auxin into the cells is affected
in these mutants, and surprisingly this resulted in hyponastic growth with a
higher maximum petiole angle. At the moment we cannot explain why
disruption of polar auxin transport leads to a stronger hyponastic response.
The third phase of the hyponastic response is also affected by both
auxin and ethylene (Figure 6). Auxin transport and transcription components
play a role in maintenance of the maximum petiole angle (Table II). Ethylene
is also involved in maintenance of a high petiole angle, since switching off the
ethylene supply after 6 h of treatment (when the maximum petiole has been
reached) resulted in a decline in petiole angle (Chapter 5).
C o n c l u s i o n s
Ethylene and auxin interact to regulate hyponastic petiole growth in A.
thaliana (Fig. 6).We propose that ethylene is the key initiator of the hyponastic
response, and that it is also involved in the ability of the petiole to reach the
maximum angle, and in maintenance of this maximum angle. Auxin, acting
downstream of ethylene, also plays a role in all stages of hyponastic growth.
Differential growth is often caused by the establishment of auxin gradients
across the responding plant organ, for example during gravitropism and
phototropism (reviewed in Friml & Palme, 2002). In R. palustr is, we did not
find evidence for a differential redistribtion of auxin during submergence-
induced hyponastic petiole movement. However, we did find a non-
differential, lateral translocation of auxin to both the ab- and the adaxial petiole
surface during the first hours of submergence, correlating with the onset of
hyponastic growth (Chapter 3). Although we have not measured endogenous
auxin concentrations across A. thal iana petioles, the dependency on auxin
transport throughout all steps of this process suggest that it is important for
the onset, speed and maintenance of upward petiole movement. The
ubiquitination process involved in auxin signal transduction is only active
during the first stage of hyponastic growth (Fig. 6). One of the targets for
auxin-induced ubiquitination are the Aux/IAA proteins, which can act as
inhibitors of auxin response by binding to transcription factors and inhibiting
their function when auxin levels are low (reviewed in Leyser, 2002; see Chapter
1).Thus, it seems logical that ubiquitination is especially active during the first
phase of hyponastic growth, since it plays a role in switching on the auxin
response.
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P l a n t  m o v e m e n t ;  h y p o n a s t i c  g r o w t h  a n d  s t i m u l a t e d  p e t i o l e
e l o n g a t i o n
Hyponastic (upward) growth and stimulated elongation of the petiole
contribute to the survival of submerged Rumex palustr is plants, by bringing
the leaf above the water surface and restoring gas exchange with the
atmosphere (Voesenek & Blom, 1989a).The upward movement of the petiole
during hyponastic growth is a relatively rapid process that starts within
approximately 2 h of submergence, and is completed after 6 to 7 h. In this
time, the petiole angle increases to almost vertical (Chapter 2).This change in
angle results from a differential growth process in the petiole, with cells on
the basal abaxial (lower) surface elongating more in response to submergence
than the basal adaxial (upper) cells.The difference in length between the ab-
and adaxial surfaces that is generated by this asymmetrical cell elongation is
sufficient to explain the degree of curvature of the petiole (Chapter 3). Our
findings are in agreement with the existing literature, in which hyponastic
curvatures are attributed to faster growth rates on the abaxial side of the plant
organ under examination (Kang, 1979; Palmer, 1985). In contrast to the
differential growth process of the hyponastic response, stimulated petiole
elongation in submerged R. palustr is plants is the result of non-differential,
equal distribution of cell elongation along both the ab- and the adaxial petiole
surface (Voesenek et al., 1990).
T h e  d e p e n d e n c y  o f  p e t i o l e  e l o n g a t i o n  o n  a  t h r e s h o l d  a n g l e
The angle a plant organ maintains with respect to the gravity vector is
called the gravitropic set-point angle (GSA; Digby & Fern, 1995). We have
shown in Chapter 2 that R. palustr is plants grown under controlled conditions
in a climate room show variation in this GSA throughout the year. This
variation, and the resulting differences in the kinetics of both petiole
elongation and hyponastic growth, allowed us to discover that the onset of
non-differential petiole elongation is linked to the angle of the petiole
(Chapter 2). More precisely, stimulated petiole elongation can only start when
the angle of the petiole is at least 40-50 degrees. If the GSA at the start of
submergence is at or above this threshold angle, elongation takes place with a
lag-phase of 1.5 to 2 h.This “basal” lag-phase probably reflects the time needed
for accumulation and transduction of the submergence signal. A GSA lower
than 40-50 degrees at the start of submergence results first in hyponastic
growth, and when the threshold angle is reached, the petiole also starts to
elongate. The dependency of elongation on these two input conditions (a
threshold petiole angle and a submergence signal) is shown in Figure 1.This
mechanism probably exists because it is not beneficial for the plant to extend
the petiole when the leaf has a more or less horizontal position. When the
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GSA is low, the leaf needs to be pointed upwards first by the process of
hyponastic petiole growth.
Currently, we cannot explain the dependency between hyponastic
growth and stimulated petiole elongation on a regulatory level. It is possible
that the angle of the petiole regulates the sensitivity of the tissue to a growth
substance that is involved in non-differential elongation under water, for
example auxin. One could hypothesize that this sensitivity becomes higher
with an increasing GSA. Following this reasoning, plants with a high GSA at
the start of the experiment would have petioles that are more sensitive to
submergence-induced growth substances, and elongation will start without a
delay in lag-phase. Petioles with a lower GSA will first depend on an increase
in angle by hyponastic growth to increase the sensitivity before elongation can
start. However, further experimentation is needed to clarify the regulatory
mechanisms for this interaction.
H o r m o n a l  r e g u l a t i o n  o f  p l a n t  m o v e m e n t
The gaseous plant hormone ethylene accumulates in submerged plants
due to the lower diffusion of gases in water compared to air (Jackson & Ram,
2003). Ethylene is an important signaling molecule for the induction of
hyponastic growth and stimulated petiole elongation of R. palustr is (Chapter
3; 4). Additionally, the plant hormones auxin, abscisic acid (ABA) and
gibberellins (GAs) are involved in the regulation of these two growth processes
(Chapter 3, 4; Rijnders et al., 1997; unpublished results Benschop et al.).We
have shown that the influence of ethylene and auxin on non-differential petiole
G e n e r a l  d i s c u s s i o n • 1 2 5
F i g u re  1 . Model describing the hormonal regulation of submergence-induced elongation and
hyponastic growth of R. palustris petioles. The Boolean AND operators in the model indicate that
both input conditions have to be met to generate the output. Arrows represent stimulation, bars
inhibition. Dashed lines are hypothesized regulatory steps. 
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elongation does not operate via their effect on hyponastic growth, indicating
that these two hormones play an independent role in both growth processes
(Chapter 4). In Figure 1, a model is proposed for the hormonal regulation of
hyponasty and elongation of R. palustr is petioles under water.The basis for
this model is that the accumulation of ethylene in submerged petioles is a key
regulator for both processes: via an interaction with auxin (1) and ABA (2) in
both processes, and also via an interaction with GAs (3) in elongation.These
interactions are described below:
(1) Submergence causes, possibly via ethylene, a symmetrical lateral
redistribution of auxin towards the outer cell layers of the petiole on
both the ab- and the adaxial side (Chapter 3).This localized increase in
auxin in the outer cell layers along both surfaces of the entire petiole
correlates with the kinetics of petiole elongation (Chapter 4), and
corresponds well with the model proposed by Morelli & Ruberti (2000,
2002) which postulates that shading-induced stem elongation in
seedlings is assisted by a lateral translocation of auxin from the
vasculature to the outer cell layers where it induces cell elongation.
Auxin also influences the duration of the lag-phase of hyponastic growth,
and the ability of the petiole to reach the maximum angle during the
response (Chapter 3).The timing of the symmetrical redistribution of
auxin also corresponds with the kinetics of hyponastic growth, suggesting
that it plays a role not only in stimulated petiole elongation, but also in
the hyponastic response (Chapter 3).We hypothesize that, in addition to
this symmetrical redistribution of auxin, an asymmetry of growth-
regulating factors is present, or develops (induced by submergence,
possibly via ethylene) across the petiole base, and that these two processes
are both necessary for differential cell elongation and thus hyponastic
growth under water.We did not find differential expression of a number
of expansin genes in response to submergence in the ab- and adaxial
halves of the petiole base. Based on these results, it is unlikely that these
cell wall loosening enzymes (McQueen-Mason & Cosgrove, 1994) are
the growth-regulating factors that are asymmetrically divided or
expressed. However, more detailed studies at the cellular level are
required. Possible other candidates are an asymmetric distribution of
auxin sensitivity, or a differential distribution of cell wall loosening
factors other than the expansins we examined.
(2) Submergence, via an accumulation of ethylene, causes a decline in the
concentration of ABA within 1 h (unpublished results Benschop et al.).
This down-regulation of ABA corresponds well with the negative effect
this hormone has on both petiole elongation (unpublished results
Benschop et al.) and the speed of the hyponastic response (Chapter 3).
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It remains to be tested if the negative effect on elongation growth takes
places independent of that on hyponastic petiole movement, given the
interaction between these two processes (like it was tested for ethylene
and auxin in Chapter 4).
(3) GAs act as positive regulators of the speed of hyponastic growth (Chapter
3), and they stimulate petiole elongation (Rijnders et al., 1997).
Submergence, via an accumulation of ethylene, increases the
concentration of, and sensitivity to, GAs within 48 h of treatment
(Rijnders et al., 1997). Recently, Bou & Benschop demonstrated that
submergence results in higher GA levels already after approximately 5 h
of treatment (unpublished results).This accumulation of GAs is involved
in later stages of non-differential petiole elongation under water. It is
possible that the increase in GA concentration results from interaction
with other plant hormones than ethylene. In pea, auxin has been shown
to stimulate the biosynthesis of GAs (Ross & O’Neill, 2001). ABA-
inhibition of GA biosynthesis plays a role in the stimulation of petiole
elongation under water in R. palust r i s (Benschop et al., unpublished
results). Since hyponastic growth is almost completed when the GA up-
regulation takes place (after 5 h), it is not likely that the effect of GA on
this differential growth process is exerted via an increase in the
concentration of this hormone. Recently, it was shown that in A.
thaliana auxin can promote the GA-mediated destabilization of DELLA
proteins, which are nuclear growth repressors (Fu & Harberd, 2003).
Thus, it is possible that the GA effect on hyponastic growth in R.
palust r i s is exerted via an interaction between auxin and GAs. The
function of the DELLA growth repressing proteins can also be influenced
by ethylene in A. thaliana (Achard et al., 2003).
A r a b i d o p s i s   t h a l i a n a a s  a  t o o l  t o  s t u d y  h y p o n a s t i c  g r o w t h
Ethylene and auxin can also induce a hyponastic response in Arabidopsis
thal iana (Chapter 5, 6).We have used this plant species as a model to study
the role of ethylene and auxin in hyponastic growth in more detail, since a
great number of mutants are available in components involved in production,
transport and signal transduction of these plant hormones. Such a detailed
study is not possible in R. palustr i s since no hormone mutants are available
for this species yet. We divided the hyponastic response of A. thal iana into
three sequential phases: regulation of the speed of upward petiole movement,
the ability to reach the maximum petiole angle, and maintenance of this
maximum angle. Ethylene regulates all these steps of the process. It is likely
that auxin acts downstream of ethylene, and this plant hormone also influences
all stages of the hyponastic response. Disruption of auxin transport leads to
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changes in the speed of the upward movement of the petiole, the maximum
angle that can be achieved and maintenance of this maximum petiole angle.
The fact that auxin transport plays a role throughout the hyponastic response
in A. thal iana , suggests that this differential growth process depends on a
correct regulation of the auxin concentration in the petiole.The ubiquitination
process, which targets negative regulators of auxin-induced gene expression
for degradation, is only involved in the first phase of hyponastic growth, when
the auxin response has to be switched on. Components involved in
transcription of auxin-regulated genes determine the speed of the upward
petiole movement and maintenance of the maximum angle (Chapter 6).
C o m p a r i s o n  b e t w e e n  R u m e x  p a l u s t r i s a n d  A r a b i d o p s i s
t h a l i a n a
So far, ethylene and auxin seem to play similar roles in the regulation of
hyponastic growth in A. thaliana and R. palustr is . In both species, ethylene
is an important signal for the induction of this differential growth process, and
it also plays a role in maintenance of the maximum petiole angle. Disruption
of auxin transport results in a longer lag-phase of hyponastic growth, and in
defects in achievement or maintenance of the maximum petiole angle during
hyponastic growth in both species. Additionally, the use of A. thaliana yielded
information on the role of other components of the auxin signal transduction
pathway, like the ubiquitination process and the involvement of factors
regulating the transcription of auxin-responsive genes. It can be concluded
that the use of A. thaliana as a model species complements the research into
the hormonal regulation of hyponastic growth in R. palustr is . In the future,
analysis of A. thaliana mutants in signal transduction and production of other
plant hormones, like GAs and ABA, is needed to further examine the role
these hormones play in hyponastic growth.
There is considerable variation in the response to ethylene among a
number of Arabidops i s  thal iana accessions (Chapter 5). For example,
Columbia-0 (Col-0) shows a strong hyponastic response, whereas Landsberg
ere c ta (Ler ) hardly changes its petiole angle upon treatment with ethylene.
Interestingly, the difference in response capacity between these two accessions
is not present when looking at hyponastic growth upon spectral neutral
shading. Both Col-0 and Ler respond to low-light conditions with strong
upward petiole movement (Chapter 5).This indicates that Ler possesses all the
components required for hyponastic growth, but that a strong response cannot
be triggered by ethylene alone, whereas it can be induced by spectral-neutral
shading. An interesting comparison can be made with the Rumex genus.The
submergence-intolerant species R. acetosa cannot elongate its petioles when
exposed to ethylene, but it is capable of rapid elongation in response to spectral
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shading (unpublished results Pierik et al.).Thus, it seems likely that among the
Rumex species similar downstream components of the signal transduction
pathway leading to petiole elongation are present, but that in the different
species different signals feed into this downstream pathway to induce
elongation. A similar situation is found for the hyponastic response in A.
thaliana accessions, with the downstream components being the same, but the
signals inducing the response being different across the accessions.This is also
supported by the fact that there was no additive effect of simultaneous addition
of both ethylene and low-light on the hyponastic response of A. thal iana
accession Col-0 (Chapter 5).
C o n c l u s i o n s
The experiments described in this thesis have shown that the plant
hormones ethylene, auxin, abscisic acid (ABA) and gibberellins (GAs) play
roles in the regulation of hyponastic growth of R. palust r i s petioles under
water (Chapter 3). This same set of hormones is also important for non-
differential stimulated elongation of the petiole upon submergence (reviewed
in Voesenek et al., 2003; Chapter 4).These two submergence-induced growth
processes are linked; petiole elongation can only start to take place when the
petiole has reached a certain threshold angle via the process of hyponastic
growth (Chapter 2). A model has been proposed (Fig.1) that describes the
hormonal regulation of both growth processes, and the interaction between
hyponastic growth and stimulated elongation of R. palust r i s petioles under
water.We have also shown that A. thaliana is a good model species to study
the hormonal regulation of hyponastic growth in more detail (Chapter 5, 6).
The hyponastic response in this species seems to be very similar to that of R.
palust r i s , and the availability of a large number of hormone mutants in A.
thaliana provides a unique opportunity to examine the involvement of plant
hormone signal transduction components.These studies have shown that both
R. palustr is and A. thaliana possess signal transduction pathways to perform
hyponastic growth and petiole elongation. However, differences exist between
species and accessions in the signals that are able to switch on these growth
responses.
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Neder landse  samenvatt ing
B e w e g i n g  v a n  p l a n t e n ;  h y p o n a s t i s c h e  g r o e i  e n  v e r s n e l d e
s t r e k k i n g  i n  R u m e x  p a l u s t r i s
Planten zijn in staat de oriëntatie van hun organen aan te passen als
reactie op veranderingen in omgevingsfactoren. Deze nastische bewegingen
worden veroorzaakt door differentiële groei en zijn er in het algemeen op
gericht om delen van de plant in de richting van gunstige omstandigheden
(bijvoorbeeld een bron van licht, water, nutriënten of zuurstof) te laten
groeien. Epinastische  bewegingen (neerwaarts) komen tot stand doordat cellen
aan de adaxiale (boven) zijde van het plantenorgaan sneller groeien, terwijl
hyponastische bewegingen (opwaarts) voortkomen uit een snellere groei van
cellen aan de abaxiale (onder) zijde.
Planten van de soort Rumex palustr i s (Moeraszuring) komen onder
andere voor in delen van uiterwaarden gekenmerkt door regelmatige
overstromingen. Als planten volledig onder water komen te staan, krijgen ze
te maken met een verminderde uitwisseling van gassen tussen het
plantenweefsel en de atmosfeer, doordat de diffusie van gassen in water
aanzienlijk langzamer plaatsvindt dan in de lucht. Als gevolg hiervan daalt de
zuurstofconcentratie in overstroomd plantenweefsel en accumuleert het
gasvormige plantenhormoon ethyleen. R. palust r i s heeft een aantal
aanpassingen aan overstroming ontwikkeld. Uitvoerig bestudeerde
mechanismen zijn de vorming van adventiefwortels met luchtkanalen, het
omschakelen naar anaëroob metabolisme en versnelde strekkingsgroei van de
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bladstelen. In dit proefschrift wordt de hyponastische groei van overstroomde
R. palustr is planten onderzocht. Deze opwaartse beweging van de bladstelen,
in combinatie met een versnelde strekkingsgroei (niet-differentiële groei),
zorgt ervoor dat de bladeren (gedeeltelijk) boven het wateroppervlak uit
kunnen komen, en dat de uitwisseling van gassen met de atmosfeer hersteld
wordt. In Hoofdstuk 2 van dit proefschrift wordt de kinetiek van de
hyponastische respons en van de versnelde strekkingsgroei van bladstelen van
R. palust r i s beschreven. Beide processen beginnen binnen enkele uren na
aanvang van de overstroming, en hyponastische groei resulteert binnen 6 tot
7 uur in een bijna verticale bladstand.Vervolgens wordt deze oriëntatie in stand
gehouden en blijft de bladsteel strekken totdat een gedeelte van de bladeren
boven water uitkomt. Door een gedetailleerde studie te maken van beide
groeiprocessen met behulp van een geautomatiseerde digitale camera-
opstelling, werd ontdekt dat versnelde strekkingsgroei van een R. palust r i s
bladsteel onder water afhankelijk is van de oriëntatie van deze bladsteel.
Versnelde strekking kan pas plaatsvinden als de bladsteel met behulp van
hyponastische groei een hoek van 40-50 graden (met de horizontaal) bereikt
heeft. De interactie tussen deze twee groei-responsen was niet eerder
beschreven en is functioneel voor planten onder water omdat bladsteel-
strekking de overlevingskansen niet vergroot als de bladeren niet eerst naar
boven worden gericht (de bladeren van R. palust r i s planten hebben in de
lucht een bijna horizontale oriëntatie).
H o r m o n a l e  r e g u l a t i e  v a n  h y p o n a s t i s c h e  g r o e i  e n  v e r s n e l d e
b l a d s t e e l s t r e k k i n g  i n  R .  p a l u s t r i s
Ethyleen, auxine, gibberelline zuur (GA) en abscisine zuur (ABA) zijn
vier belangrijke hormonen die groei-responsen in planten reguleren. In
Hoofdstuk 3 en 4 van dit proefschrift wordt de rol van deze hormonen bij
hyponastische groei en versnelde bladsteelstrekking van R. palust r i s onder
water beschreven. De rol van deze hormonen is samengevat in Figuur 1 van
Hoofdstuk 7. Ethyleen is een gasvormig hormoon dat accumuleert in
plantenweefsel dat geheel overstroomd is en het is zeer waarschijnlijk dat deze
ophoping een van de eerste stappen is in de signaal-transductie ketens die
uiteindelijk leiden tot hyponastische groei en versnelde bladsteelstrekking.
Onder water vindt een ophoping van auxine plaats in de buitenste
cellagen aan zowel de ab- als de adaxiale zijde van R. palust r i s bladstelen.
Deze symmetrische, locale verhoging van de auxine concentratie speelt
waarschijnlijk een belangrijke rol in de regulatie van versnelde bladsteel-
strekking in R. palust r i s . Daarnaast is het mogelijk dat de lokale verhoging
in auxine gehalte ook een rol speelt in de signaal-transductie keten die leidt
tot de hyponastische respons. Aangezien hyponastische groei het gevolg is van
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een asymmetrie in celstrekking in de basis van de bladsteel, kan deze groeivorm
niet alleen verklaard worden aan de hand van een symmetrische verhoging
van de auxine concentratie. Het is waarschijnlijk dat een asymmetrische
verdeling van andere groeifactoren (of een asymmetrische verdeling in de
gevoeligheid voor deze groeifactoren) een belangrijke rol speelt in de regulatie
van hyponastische groei, naast de symmetrische verhoging van het auxine
gehalte zoals gevonden is in deze studie. Gebleken is dat de celwand-
losmakende enzymen expansines niet differentieel betrokken zijn bij de
hyponastische groei in de basis van een R. palustr is bladsteel.
De hormonen GA en ABA hebben een tegengestelde werking. GA
beïnvloedt de snelheid van hyponastische groei op een positieve manier. ABA
daarentegen heeft een negatieve invloed op de hyponastische respons. Deze
twee hormonen spelen een zelfde tegengestelde rol in niet-differentiële
bladsteelstrekking.
A r a b i d o p s i s  t h a l i a n a a l s  m o d e l s o o r t
Ethyleen en auxine kunnen ook hyponastische groei induceren in de
bladstelen van Arabidopsis thaliana (Zandraket). Het feit dat er van deze soort
een groot aantal hormoonmutanten beschikbaar is, zorgt ervoor dat A.
thaliana zeer geschikt is om als model te dienen voor het bestuderen van de
hormonale regulatie van hyponastische groei. Een gedetailleerde studie van
de signaal-transductie componenten betrokken bij hyponastische groei van R.
palust r i s is niet mogelijk, aangezien voor deze soort nog geen mutanten
beschikbaar zijn.
De hyponastische respons van A. thaliana kan verdeeld worden in drie
componenten: snelheid van de opwaartse beweging van de bladsteel, het
bereiken van de maximale bladsteelhoek en het behouden van deze maximale
hoek. In Hoofdstuk 5 en 6 van dit proefschrift wordt beschreven dat
ethyleen betrokken is bij alledrie deze componenten van hyponastische groei.
Waarschijnlijk werkt auxine “downstream” van ethyleen in de signaal-
transductie route. Auxine speelt, net als ethyleen, een belangrijke rol in alle
componenten van de hyponastische respons. Het bestuderen van mutanten
betrokken bij auxine transport, transcriptie en ubiquitinatie heeft belangrijke
informatie opgeleverd over de rol van deze processen in de differentiële groei
die resulteert in de hyponastische respons.
Ve r g e l i j k i n g  t u s s e n  R u m e x  p a l u s t r i s e n  A r a b i d o p s i s  t h a l i a n a
Op basis van de resultaten beschreven in dit proefschrift kan
geconcludeerd worden dat de rol van ethyleen in de regulatie van
hyponastische groei in R. palustr is en A. thaliana vergelijkbaar is. Dit geldt
ook voor het plantenhormoon auxine. Ethyleen is een belangrijk signaal voor
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de inductie van hyponastische groei in beide soorten en het speelt daarnaast
een belangrijke rol bij het instandhouden van de maximale bladsteelhoek. In
R. palustr is en in A. thaliana resulteert een verstoring van auxine transport
in een langere lag-phase van de hyponastische respons en het beïnvloedt het
bereiken of in stand houden van de maximale bladsteelhoek. Daarnaast heeft
het gebruik van A. thaliana als modelsoort extra informatie opgeleverd over
de rol van een aantal componenten in de auxine signaal-transductie route,
zoals eiwitten die betrokken zijn bij de transcriptie van auxine-gereguleerde
genen en eiwitten die een rol spelen bij de ubiquitinatie en afbraak van auxine
signaal-transductie componenten. Er kan geconcludeerd worden dat het
gebruik van A. thaliana als modelsoort een waardevolle aanvulling is voor het
onderzoek naar de hormonale regulatie van hyponastische groei in soorten
zoals R. palust r i s . Toekomstig onderzoek van mutanten in de signaal-
transductie routes en de productie van andere plantenhormonen, zoals GAs
en ABA, zal waardevolle informatie opleveren over de regulerende rol van deze
hormonen.
C o n c l u s i e s
De experimenten beschreven in dit proefschrift laten zien dat de
plantenhormonen ethyleen, auxine, ABA en GA een rol spelen in de regulatie
van hyponastische groei van R. palustr is bladschijven onder water. Dezelfde
hormonen zijn ook belangrijk voor versnelde bladsteelstrekking van
overstroomde planten. Deze twee overstromings-geïnduceerde groeiprocessen
zijn met elkaar verbonden; versnelde strekking van de bladsteel kan alleen
plaatsvinden als de hoek van die bladsteel een bepaalde drempelwaarde heeft
bereikt via hyponastische groei. In dit proefschrift wordt een model
gepresenteerd voor de hormonale regulatie van beide groeiprocessen onder
water en voor de interactie tussen hyponastische groei en versnelde
bladsteelstrekking.Verder is bewezen dat A. thaliana een goede modelsoort is
om de hormonale regulatie van hyponastische groei in meer detail te kunnen
bestuderen. Geconcludeerd kan worden dat R. palustr is en A. thaliana beiden
beschikken over de signaal-transductie routes die nodig zijn voor hyponastische
groei en bladsteelstrekking, maar dat er verschillen bestaan tussen soorten en
accessies in de signalen die deze groei responsen kunnen induceren.
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